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Geophysicists measure rock velocities in at least three 
different environments: in situ, downhole, and in the 
laboratory. Each of these environments imposes potentially 
different stresses upon the rock, making it difficult to 
relate seismic velocities between the environments. I 
address this issue by measuring axial velocities of five 
sandstones which are subjected to a program of 28 triaxial 
stress states up to a maximum pressure of 50 MPa. The 
results provide a means to relate velocities measured in 
varied stress regimes.
P-wave velocities in sandstones depend primarily upon 
the stress parallel to the direction of wave propagation; 
greater applied stress results in higher velocity. Stress 
applied perpendicular to the direction of propagation does 
not strongly influence P-wave velocity. Furthermore, the 
sense of that influence varies between samples studied; in 
some cases an increase in lateral stress increases axial 
velocity; in other cases it decreases axial velocity.
Because vertical stresses are not altered near the borehole, 
this result implies that P-wave velocities measured in the 




Similarly, S-wave velocities are influenced most 
strongly by stress applied parallel to the direction of wave 
propagation. However, in contrast to P-waves, S-wave 
velocities may be strongly influenced by lateral stresses. 
This implies that near the borehole, where lateral stresses 
may be substantially altered, S-wave velocities are more 
likely to be in error than P-wave velocities.
When estimating in situ rock properties based on 
laboratory measurements, it will usually be inadequate to 
simply subject the rock to hydrostatic pressure equal to the 
in situ overburden pressure (A common laboratory procedure). 
Instead, laboratory procedure should include measurements 
through a suite of triaxial stresses, including the 
estimated in situ stress. This is because the dynamic 
elasticity of the rock may be quite different under triaxial 
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Where a bar is placed over a pressure or stress symbol, 
it indicates effective pressure. To avoid the overuse of 
the word "effective, 1 most pressure and stress values 
referred to in this thesis are understood to be effective 
pressure, and no bar has been added. Bars have been used 
where there was a possibility for ambiguity. Pressures and 
volumetric strains are taken positive in compression.
Cf  Contour factor. The negative slope of a constant 
velocity contour line.
Cy Elastic stiffness matrix.
efj Strain tensor. See definition, page 12.
E  Young's modulus.
K  Bulk Modulus.
K f  Bulk Modulus of fluid in Gassmann's equation.
K g Bulk Modulus of grains in Gassmann's equation.
K m Bulk Modulus of dry frame in Gassmann's equation.
L  Sample length.
P  Pressure. Usually implies uniform pressure.
R t Transverse stress ratio. In a transversely isotropic
stress field it is the ratio a ] /cr3.
Re The equivalent stress ratio, a e!al,
Sy Elastic compliance matrix.
Measured traveltime.tn
tz Transducer "zero" traveltime.




Symbols and Conventions 
(continued)
Density.
Stress tensor. See definition, page 12.
CTj Largest principal stress. In this experiment, the 
axial stress.
<j 2 Secondary principal stress.
cr3 Smallest principal stress. In this experiment, <r2 and
cr3 are equal, and are referred to collectively as <x3 .
a e Equivalent stress; the hydrostatic stress which will 
yield the same velocity as a referenced lithostatic 
stress regime.
<ji Lithostatic stress; stress conditions resulting only
from overburden. Usually specified by the primary or 
vertical stress value. 
ju Rigidity modulus.
v Poisson's ratio






There are at least three distinct environments in which 
one measures seismic velocity: in situ, downhole, and in
the laboratory. The stresses in these environments may be 
quite different. In clastic rocks, a change in stress 
causes a change in seismic velocity (Wyllie, et. al., 1958;
Gregory, 1962, and many others). Changes in stress state 
from one environment to another cause difficulties in 
relating seismic velocities between environments. Velocity 
discrepancies between stress environments will adversely 
affect a variety of seismic exploration and engineering 
objectives. Examples include: "tying" well logs to surface 
seismic, estimation of dynamic elasticity from sonic log 
measurements, estimation of in situ stress regime from sonic 
log measurements, estimation of in situ velocity from 
laboratory measurements, seismic modeling based on well and 
laboratory velocities, and estimates of rock strength.
This thesis addresses the topic of stress-dependent 
velocity variations. It has two related objectives: 1) To 
gain an understanding of the magnitude of stress-related 
velocity discrepancies, and 2) to attempt to predict
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velocities in one stress state based on measured velocities 
in another stress state.
Conditions other that stress may change between 
environments. Temperature, pore fluid, and seismic wave 
frequency are examples. This thesis is limited to the issue 
of changes in stress.
Before outlining the research approach taken in this 
thesis, we review briefly the most important facts about 
each stress regime.
In situ stresses are often not known. It may be
possible to estimate vertical stress based on the depth of
burial and density of overburden material. But lateral
stresses are often inaccessible due to unknown tectonic
forces. In the absence of tectonic forces, the lateral
stress will depend upon the static Poisson's ratio of the
vrock. The relation cr3=cr2=cr]  derives from Hooke's law1- v
when zero-strain boundary conditions are applied in the 
lateral directions. (See Chapter 2 for details.) Assuming a 
Poisson's ratio of .25 this relation predicts an effective 
lateral stress of 1/3 of the vertical stress. (Effective 
stress is the absolute stress minus the pore pressure. It 
will be indicated by placing a bar above the stress 
character.) This thesis will not address tectonic forces.
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It will be assumed that the first principal stress is due to 
overburden, and is in the vertical direction. It will 
further be assumed that lateral stresses are equal, and are 
a consequence of zero-strain boundary conditions on a 
poisson solid. When a stress regime is defined by the 
relation cr3 = cr2 = a al, a< 1, it will be called a 
"lithostatic" stress regime throughout this thesis. This 
situation is shown schematically in Figure 1.1, and is 
discussed in greater detail in Chapter 2.
Borehole stresses will generally be substantially 
different than in situ stresses in the lateral directions. 
The presence of a wellbore distorts the pre-existing stress 
field in the rock. Hubbert and Willis (1957) present 
expressions for radial and tangential stresses in the region 
about the borehole of radius a .
Their expressions, based upon country material which is 
stressed from the exterior in only one direction by an 




CT3= Cr2= CTl I ^ T 7
(7
Figure 1.1. Lithostatic stress. The simplest model for in 
situ stress depends only on overburden and Poisson’s 
ratio of the rock. The two lateral stresses are equal.
In equations 1.1 0=0 is parallel to the direction of 
an applied external stress, <r2. ~ar, and ~a0 are the effective 
stresses about the borehole in radial coordinates, and fr0 is
the traction in radial coordinates. The pressure within the 
borehole equals the pore pressure, Pp, and a 2=cr2— Pp, the
effective external stress. If we apply an addition stress 
perpendicular and equal to cr2, the resultant stress about 
the borehole will be the superposition of the two stress 
fields as computed using equations 1.1. It is easily shown 
that the angle dependency of equation 1.1 vanishes, as does 
the traction stress, leaving radial and tangential effective 
stresses whose deviation from ambient stress decreases as 
the inverse of the distance from the borehole center 
squared.
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cr = cr. 1- a
(7a — 1 + a (1 .2 )
At r = the radial effective stress vanishes, while the 
tangential stress equals 2<t2 . As r —> oo both radial and 
tangential stress approach the ambient stress a2. This 
result is shown schematically in Figure 1.2.
Laboratory stresses are under the control of the 
experimenter. In practice, laboratory measurements with 
seismic exploration objectives are almost always made under 
hydrostatic or uniform conditions. In this thesis the term 
"hydrostatic" will apply to a uniform stress field. The 
term "triaxial" will apply to a stress field where the 
lateral stresses are equal, and the vertical stress is 
different. The term "polyaxial" will refer to a field in 
which all three principal stresses may be different. This 
nomenclature is now commonly used in the literature.
Certain assumptions are commonly made by geophysical
T-4025 7
Borehole
Stress field normal to borehole
Borehole
Stress field tangential to borehole
Figure 1.2. Borehole stress regime. The radial component 
of stress vanishes at the borehole boundary, while the 
tangential component grows to twice the ambient stress.
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practitioners when relating velocities between different 
stress regimes. It is usually assumed that velocities 
obtained in the borehole are the same as in situ velocities; 
no compensation for change in stress field is usually made. 
This assumption is made for P waves, and for both 
polarizations of S waves. Since laboratory measurements are 
usually made under hydrostatic stress conditions, it is 
assumed that the resulting velocities will be equivalent to 
in situ velocities if the stress in the laboratory is the 
same as the in situ overburden pressure. I will show that 
both of these assumptions are incorrect, and in some cases 
may lead to substantial errors.
The approach used in this experiment is based entirely 
on laboratory measurements. No borehole measurements or 
surface seismic data are incorporated into the study. 
Instead, a sufficient number of measurements are made in the 
laboratory to delineate the velocity of the sample as a 
function of triaxial stress. The laboratory stress program 
is shown in Figure 1.3. Each dot of the figure marks a 
stress state at which velocity measurements were made. The 
hydrostatic or uniform stress line is drawn where cr3 = a l.
This is the line along which laboratory measurements are 









o 14 21 287 34 41 48
Total Load (MPa)
Figure 1.3. Laboratory stress regime. Each dot represents 
a stress state at which velocity measurements were 
made. All points represent a triaxial stress state for 
which <j x > cr3; these circumstances are expected where 
tectonic forces are not strong.
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where <t3 = ct1/3 . Again, this line approximates in situ 
conditions where overburden is the only stressor, and 
Poisson’s ratio remains constant with stress at a value of 
0.25.
This stress program will allow a velocity surface to be 
constructed over the entire triaxial stress region for 
stresses less than 50 MPa. It may then be possible to 
relate velocities in any given triaxial stress regime to 
velocities in the hydrostatic regime. In this way, the task 
of relating stress regimes to one anther is separated from 
the task of actually determining those regimes. This thesis 
will not address the topic of estimating in situ and 
wellbore stresses, but will deal only with the issue of 
delineating the triaxial stress regime. To provide a 
plausible frame of reference for in situ conditions, the 





Symbols, terminology, and sign conventions presented in 
this section will be used throughout the thesis. Where I 
present material from other authors, their conventions have 
been adjusted to this common standard. A summary of symbols 
is presented on page xi. The discussion of basic elasticity 
which follows is based primarily on Means (1976). This 
excellent text in turn draws on Jaeger and Cook (1969), and 
Nye (1964), among others for the material presented here.
2.1 Basic Principles of Elasticity
A linear elastic material is one in which all 
components of stress, cr ,/,y = 1,2,3 may be represented as a
linear combination of all strain components, ekl k,l = 1,2,3. 
Where the values 1,2, and 3 correspond to the directions 






Where C is the stiffness tensor and S is the 
compliance tensor. This linear relationship is called 
Hooke’s law.
The stress tensor may be represented in matrix 
notation:
Each component of the tensor describes the magnitude of 
the vector, while the position in the matrix reveals the 
direction of the vector. The first subscript of each term 
refers to the plane upon which the force is acting, the 
second subscript refers to the direction of the vector.
We define the strain tensor ekl using
CJ32 ° 3 3 /
eit = ----  + — -
2\dxj dx, y
where ui is particle displacement in the xi direction.
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The stiffness and compliance tensors as written in 
equation 2.1 involve 81 terms. Fortunately, stress and 
strain are symmetrical; ov = cr,, and , so that a simple
redefinition of subscripts leads to a much simplified matrix 
relationship for Hooke’s law, involving only 36 elasticity 
terms. We transform subscripts as follows:
Old Subscript: 11 22 33 23, 32 31, 13 12,21
New Subscript: 1 2  3 4 5 6
Written using the compliance matrix, the new matrix 










* 2 S 22 S23 S24 S 25 S26
S33 S34 S35 S 36 ^ 3
SA4 ^45 S46
^5 S55 S56 ° 5
1
\o S66_ .a6_
The compliance matrix is symmetrical for homogeneous 
material; there are only 21 potentially independent terms. 
The lower triangle of the matrix is not shown. For 
isotropic material, only two of the terms are independent,
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and the compliance matrix may be written using Poisson's 
ratio, v, and Young's Modulus, E .
1 -  V -  V
0 0 0
~E ~E ~E
- V 1 -  V
0 0 0
~E ~E ~E
— V — V 1 0 0 0
~E ~E E
0 0 0 2(1+ v) 
E
0 0
0 0 0 0 2(1+ v)
E
0
0 0 0 0 0
2(1 +
E
This matrix results when the reference axes are 
oriented arbitrarily with respect to the directions of 
principal stress. When principal stress directions are 
aligned with reference axes, we have Hooke's law for 
homogeneous, isotropic material:
1 - V -  V
E ~E ~E
- V 1 - V
------- - --2
E E E





If in this equation we set e2 = e 3 = 0  and <t2=<t3, we 
describe a a transversely isotropic stress field with zero- 
strain boundary conditions imposed on the material volume. 
This system is easily solved, leading to the relation
cr3 = cr, . (2.4)1- V
With slight modification for effective stress, this 
relation will be used throughout the thesis. It is useful 
in estimating the stress field due to lithostatic loading 
when no tectonic forces are present. The stress field 
described by this relation will be referred to variously as 
lithostatic or triaxial.
When stress is applied in only one direction we define 
Poisson's ratio, v = - e l / e 3 and Young's Modulus, E - e x, used in 
equation 2.3 above. Another elastic constant frequently used 
is bulk modulus, K  -  A P/ A where P  is a uniform stress 
applied in all directions and A is the volumetric strain,
A = el + e 2 + e 2. Finally, we have the rigidity modulus // which 
is one of the Lame constants, ju = 2(1 + v ) / E , and the space 
modulus (or P-wave modulus), M  = K  + ( 4 / 3 ) { i .  P-wave and shear 
wave velocities depend on the appropriate modulus and
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density: Vp - *Jm  / p , Vs - ijju/ p . Relationships between these 
elastic constants are given in Table 2.1.
There are three mutually orthogonal planes of symmetry 
in orthorhombic symmetry. Nine constants of elasticity are 
required to describe orthorhombic symmetry, as contrasted 
with two constants for isotropic symmetry. HookeTs law for 
orthorhombic symmetry using the stiffness matrix formulation 
is given by the equation
c \\ ^12 c \3 0 0 0
^2 c 22 c 23 0 0 0 ^2
C 33 0 0 0 ^3
^4 C44 0 0
^55 0 ^5
a 6_ c66_ -*«
Waves propagating parallel to the three principal axes 
will then have velocities given by
V?x=cu /p 
V22 — c22 / p
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Table 2.1
Relationships among Elastic Constants 
(modified from Gassmann, 1951)
Compute —» 
Fromi-
E K M F V
E ,K
3 K( 3K + E ) 3KE 1 E
9 K - E 9 K - E 2 6K
E , p
E p f t ( 4 / j - E )
S - - 1
3(3 p - E ) 3 f i - E 2 P
E , v
E (1 - v ) E E
3(1 - 2 v ) (1+ v ) ( l - 2 v ) 2(1+ v)
K , M
9 K ( M - K ) 3 ( M - K ) 3 K - M
M  + 3K 4 3K + M
K , p
9 K p
K + - p
3 K - 2 p
3 K  +  p 3 2(3 K + p )
K , v 3K{ \  - 2 v )





1+ V 2(1+ v)
M ,  v
( 1 - 2  v)(l + v ) M (1+ v ) M ( 1 - 2  v ) M
1 -  V 3(1 - v ) 2 (1 -  v)
F , v 2p (\ + v)
2 /'(l +  v) 2p (l -  v)
3(1 -  2 v) 1 - 2  v
T-4025 18
The first subscript indicates the direction of 
propagation, the second subscript indicates the direction of 
polarization. Note that these equations do not include the 
coefficients cl2,c]3,c23. These constants influence velocities 
in directions not parallel to the principal axes.
2.2 Effective Pressure
It has been observed by numerous investigators that 
rock properties which are influenced by confining pressure 
will also depend on pore pressure, and that pore 
pressure tends to partially negate the effect of confining 
pressure. For example, an increase in velocity caused by an 
increase in confining pressure will be almost entirely 
negated by an equal increase in pore pressure. This 
observation leads to the concept of effective pressure, P . 
Effective pressure is a computed function of confining 
pressure and pore pressure. It is the pressure which 
produces a measurable effect on the rock.
Terzaghi (1923) expressed effective pressure as a 
linear function of confining and pore pressure.
P  = Pc — <%Pp (Pp and Pc positive in compression) (2.7)
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He argued that £ should be set equal to the porosity 
so that the effect of pore pressure would be eliminated when 
the porosity is zero.
Terzaghi used the concept of effective pressure in his 
1943 book on soil mechanics. His application was in the 
area of soil mechanics, but his definition has also found 
widespread application in rock mechanics and petrophysics.
He recognized that rock or soil properties affected by 
confining pressure were also influenced by pore pressure, 
but in a reverse sense. He set £=1 in equation 2.7, and 
defined effective pressure as P = Pc- P p . He observed that it
was P  which measurably influenced the properties of 
compaction and shearing resistance in soil.
Robin (1973) observed that the concept of effective 
pressure could be applied to a broad spectrum of physical 
properties including density, length, seismic velocity, 
porosity, permeability and volumetric strain. He recognized 
that the simple form used by Terzaghi might not be 
applicable to these other properties. Taking Q  to be a 
property depending on both Pp and Pc he defines effective 
pressure, P  = P ( P p,Pc) as "the pressure that, if applied
alone, as a confining pressure, would have the same effect 
on property Q as the combination of Pc and Pp . "  The
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effective pressure law for property Q is the functional 
relationship P  = P ( P p,Pc) .  He concludes that there is no
unique effective pressure law, that effective pressure may 
not be a useful concept except in its most simple form 
P - P c- P pf and that when a property does not vary linearly
with pressure, effective pressure does not in general have a 
simple analytic expression.
Biot and Willis (1957), and Nur and Byerlee (1971) 
derived £ (equation 2.7) as it applies to stress-strain 
relationships.
4 = 1  ~ K I K S ( 2 . 8 )
Their derivation assumed that strain was small, and 
that both K  and K s are constant. Robin (1973) showed 
theoretically that K  is a nonlinear function of pressure. 
Nur and Byerlee (1971), conducting measurements on Weber 
sandstone, observed changes in K  of more than 100% over a 
pressure range of roughly 1000 bars. The fact that K  is not 
constant with confining pressure renders equation 2.8 only 
marginally useful. If K /K s is negligible, the effective
stress law reduces to the conventional form previously cited 
in reference to Terzaghi (1943) : P — Pc — Pp .
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Garg and Nur (1973), conclude that £=1 is correct for 
strength properties, but not for stress-strain properties. 
Their conclusions are theoretical, and are based on the 
theory of interacting continua. Other researches have 
developed their own expressions for effective stress for a 
variety of physical properties. Skempton (1969); Nur and 
Byerlee (1971); and Biot and Willis (1957) have all used 
4 = l - ( K ! K s) for stress-strain measurements. Suklje (1969) 
chose £=l — (l — i p ) ( K / K s) ,  which vanishes as porosity approaches 
zero. Robin (1973) puts ^ = [ l -<pK /  ( K s -  K) ]  for pore 
compressibility.
While Garg and Nur (1973) concluded that £=1 is not 
correct for stress-strain relations, other researchers have 
found £=1 to be nearly correct for velocity measurements. 
Wyllie et al. (1956, 1958) made P-wave velocity measurements
on water saturated sandstones, and showed £=1 to within 
experimental accuracy. P-wave velocity measurements made on 
an aggregate of glass spheres likewise showed £=1, although 
at pressures less than 5000 PSI some deviation was observed.
Wylliefs results conflict with earlier theoretical 
results of Brandt (1955), who concluded that £ is a number 
less than unity. Banthia et al. (1965) made shear-wave 
velocity measurements on three sandstones, and concluded 
that £<1, in agreement with Brandt.
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Christensen and Wang (1985) conclude that £<1 for 
properties such as P-wave velocity, which involve a 
significant bulk compression. On the other hand for 
properties that depend on rigidity (shear-wave velocity and 
Poisson's ratio), their results show £>1. Their 
measurements were made on Berea Sandstone. They suggest 
that this behavior is related to high-compressibility clay 
which lines the grains and pores within the Berea Sandstone.
Gardner, et al. (1965) conclude that £=1. They 
conclude that where experimenters results have deviated from 
unity it may be due to stress-strain hysteresis in the rock. 
They made measurements on five different sandstones. They 
found that for the first stress cycle £<1, but subsequent 
measurements in the pre-stressed rock yielded £=1 to a high 
degree of accuracy.
Among these studies, the value of £ is always close to 
unity. Furthermore, these discrepancies influence measured 
velocities by less than 5% (Gardner et al., 1965). For the
purposes of this study, I have chosen £=1. ^11
measurements have here been made with pore pressure held 
constant at 200 PSI. All pressures reported in the thesis 
are effective pressures.
Thus far the discussion has related to uniform 
confining pressures. Nur and Byerlee (1973) expanded the
T-4025 23
effective stress law for uniform pressures to include non- 
uniform pressures,
°,J = a, ~ 4Pp3,j - (2.9)
The stress law in this form is applicable to problems 
involving non-uniform stress fields in the real earth. 
Applying this equation to a triaxial stress field, we can 
write equation 2.4 as it applies to effective pressure:
<r3 = <r, — —  (2.10)
1-  v
Taking cr3 = cr3 - P  and <r1=o,1— P equation 2.10 can be 




\ - v  J p
(2 .11)
When Poisson's ratio is .25, we use equation 2.11 to




Deviatoric stress is the difference between axial load
and confining pressure in a triaxial stress regime.
< J D  = cr, -cr3 (2.12)
When deviatoric stress is zero, the stress regime is 
uniform, and is called hydrostatic. Most laboratory 
measurements are made under hydrostatic pressure conditions. 
Likewise, most rock velocity research has been made under 
conditions of hydrostatic stress.
Early work relating stress regime to velocity was 
conducted by Tocher (1957). He applied an axial load with 
no confining pressure to a variety of rocks including Barre 
granite, Vinalhaven diabase, and Pittsford marble. All 
measurements were made on dry rocks. Velocities were
measured both parallel to and perpendicular to the direction
of applied pressure. He found that velocities parallel to 
the compression axis varied much more rapidly with changes 
in stress than velocities perpendicular to the compression 
axis. For Barre granite he shows that his uniaxial stress 
measurements yielded results very similar to unpublished 
hydrostatic measurements made by F. Birch. For other
T-4025 25
samples, the perpendicular velocities likewise did not 
change as rapidly with changes in pressure as velocities 
parallel to compressive stress. Velocity anisotropies as 
large as 10% were observed.
Wyllie et al. (1958) conducted tests which measured 
velocity as it depends on a variety of factors including 
confining pressure and pore pressure. They measured axial 
velocity in Berea Sandstone under three different stress 
regimes: uniform pressure, axial pressure, and 
circumferential pressure. For the sample analyzed, they 
found that results for axial pressure were almost identical
to results for uniform pressure, except at low pressures.
They further found that velocities under circumferential 
stress conditions were lower than those under uniform or
axial load conditions. They conclude that for consolidated
rocks, axial load will influence velocity by the same amount 
as hydrostatic stress. The bulk of their measurements on 
consolidated rocks were made using axial stress.
Gregory (1967) measured velocities under conditions of 
both axial stress and uniform confining pressure. He 
measured velocities in Bandera sandstone and Solenhofen 
limestone using air, water and kerosene saturants. He 
concluded that the influence of axial load on velocity was 
comparable to that of uniform confining pressure, but that
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velocities were generally higher for uniform confining 
pressure. His conclusions applied to both P-wave and S-wave 
velocities. In general he found greater discrepancy between 
velocities measured in the two stress regimes than were 
found by earlier investigators.
Desai, et al. (1969) describe an apparatus and 
procedure for measuring velocities under conditions of 
triaxial stress, but then make measurements using a constant 
deviatoric stress of 200 PSI. Such a stress regime is 
little different from a hydrostatic regime, and their 
measurements compare to those of other investigators using 
hydrostatic pressure.
Nur and Simmons (1969) investigated velocity anisotropy 
in Barre granite as a function of uniaxial load. Rather 
than applying pressure along the axis of the cylindrical 
sample, stress was applied across the diameter of the 
cylinder. Acoustic transducers were attached to the 
exterior circumference of the sample. Through rotations of 
the cylinder, velocity measurements were made at a variety 
of angles with respect to the load direction. They 
determined that velocity anisotropy increases with 
increasing pressure, and showed that the effect of load on 
velocity increases as the angle between the direction of 
travel and direction of load decreases.
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Benzing, et al. (1973) measured velocities in
granodiorite parallel to the principal stress axis. Most of 
their measurements were made under uniaxial stress only. 
However, they made one suite of measurements in which axial 
load was held constant at 100 MPa while confining pressure 
increased from 0 to 100 MPa. They observed that the 
velocity remained essentially constant across the suite of 
measurements, and concluded that the effect of confining 
pressure was insignificant compared to axial load.
Rai and Hanson (1988) investigated shear wave 
velocities and birefringence in five sedimentary rocks which 
included two sandstone, one shale, and two limestone 
samples. All measurements were made under room-dry 
conditions. They subjected their samples to both 
hydrostatic and uniaxial stress. Samples used in the 
uniaxial experiment were cut into prisms with the two 
largest faces parallel to the bedding plane. Uniaxial 
stress was applied perpendicular to the bedding plane. They 
observed that the application of uniaxial stress 
substantially increased shear-wave anisotropy in sandstones, 
did not significantly effect the degree of anisotropy in 
shales, and slightly increased the degree of anisotropy in 
limestones. Their hydrostatic experiment was conducted on 
samples cut into cylindrical shapes, with velocities
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measured only in the axial direction. This experiment was 
unusual in that the transmitting and receiving transducers 
were placed in a "cross-nicols" orientation. The degree of 
anisotropy was determined by measuring the amplitude of the 
arriving signal as a function of applied pressure. From 
these amplitude measurements the birefringence effect was 
quantified, and the degree of anisotropy was inferred. It 
was determined that hydrostatic stress reduced anisotropy in 
all s amp1e s .
Towle et al. (1989) discuss the problem of relating
velocities measured under hydrostatic stress conditions to 
velocities measured under other stress regimes. In this 
context, they introduce the concept of "equivalent effective 
stress." This stress is defined as the hydrostatic pressure 
which will yield the same velocity as is measured in the 
well bore. They conclude that equivalent effective stress 
ranges between 1/3 and 1/5 of the effective overburden 
stress. Their conclusions are based on laboratory and 
borehole measurements of sandstone and limestone samples.
Yin (1992) measured stress-induced P-wave and S-wave 
anisotropy in eight rock samples which included granite, 
dolomite, sandstone and shale. His measurements were made 
on dry rocks at pressures less than 10 MPa. His experiment 
included full polyaxial stress regimes. He measured
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velocities parallel to the three principal axes and at 45- 
degree angles to the three symmetry planes. In directions 
parallel to the principal axes he measured p-wave 
velocities, and two polarizations of S-wave velocity. He 
measured only the quasi P-wave velocity in the 45-degree 
angle directions. He showed that P-wave velocity is 
strongly affected by stress parallel to the direction of 
motion, and almost not affected by stresses perpendicular to 
the direction of motion. S-wave velocities were effected by 
stress parallel to the direction of propagation, or parallel 
to the direction of polarization.
2.4 Other Factors which Influence Velocity
In addition to stress, a number of other factors may 
influence seismic velocities in rock. Primary factors 
include lithology, porosity, pore shape, and fluid 
saturation. These topics are incidental to the theme of 
this thesis. Key work relating to these topics is outlined 
in summary form in the following discussion.
Geertsma (1961) and Domenico (1984) concluded that 
reciprocal velocity is a linear function of porosity,
\ / V = A  + B<fi, where A depends on the matrix velocity, and B 
depends on the pressure, pore geometry and degree of
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consolidation. Numerous investigators have examined 
sandstone velocities as a function of clay content, and have 
presented empirical equations to fit their observed data. 
Among these are Tosaya and Nur (1982), Castagna et al.
(1985), and Han et al. (1986). Each of these researchers 
derived equations of the form V  = axC  + a2(j> + a3 where C  is clay 
content.
Wyllie et al. (1956, 1958) empirically derived the now-
famous Wyllie time-average equation, l / V p = & / Vw+( l -<f>) /Vm .
Gassmann (1951) developed an important equation for bulk 
modulus based on static elasticity theory,
The form given here is due to White (1965). Biot 
(1941, 1954, 1956a, 1956b, 1962) did additional theoretical 
work on elasticity as a function of matrix, pore and fluid 
properties, but accounted for viscosity of the pore fluid, 
thereby developing a frequency-dependent dynamic model. In 
the low-frequency limit, his model reduces to the Gassmann 
equation.
K  = K m +m (2.13)
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Various models have been developed based on contact 
theory. Gassmann (1953) developed a model for hexagonal 
packings of spheres. Duffy and Mindlin (1957) and White 
(1965) developed models for various packings of spheres. 
Brandt's (1955) model applied to random packings of spheres.
A number of theories have been developed to predict the 
influence of pore shape on velocity. Kuster and Toksoz 
(1974) developed a theory for low-porosity rocks. Their 
theory accounted for the aspect ratio of pores as well as 
the porosity. Hudson (1981) derived equations to describe 
elastic wave propagation through a material containing both 
randomly scattered and aligned cracks. Other important 
contributors to crack and pore shape theory are Walsh 
(1965), who derives expressions for the compressibility of 
cracks, and Nur (1971), who analyzes the interaction of 




ROCK SAMPLES AND LABORATORY PROCEDURES
3.1. Sample description
Five rocks are analyzed in this experiment: Berea, 
Chugwater, Gold, Chocolate, and Woodbine. All samples are 
sandstones.
Sample porosities were measured using Archimedes' 
method. This is a buoyancy method. The weight of the 
water-saturated sample is measured while resting at the 
bottom of a beaker filled with water, and again while 
suspended within the beaker. From these measurements, and 
the weight of the dry sample, the porosity and grain density 
may be computed. See the Appendix for details of the 
procedure employed in this experiment. The resulting 
porosities and grain densities are given in Table 3.1.
All samples were analyzed for mineralogy using X-ray 
diffraction. The analysis was conducted in two steps, the 
first for mineralogy, and the second for clay minerals. 
Results are given in Tables 3.2 and 3.3.
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Table 3.1










Berea 19.4 2 .34 2.66
Chugwater 18.1 2.25 2.53
Gold 17 . 6 2.37 2 . 66
Chocolate 22 .5 2.29 2.66
Woodbine 32.4 2.13 2.67




X-Ray Diffraction Analysis 
Bulk Mineralogy
Grain
Quartz Clay Other Size
Sample_______ Percent Percent* Percent Micron
Berea 88 9 3 250
Chugwater 60 17 23** 250
Gold 97 0 3 150
Chocolate 90 8 2 150
Woodbine 97 1 2 75
* Clays are defined by grain size less than 4 microns. 
** Chugwater contains 23% Clinoptilolite, a Zeolite.
Measurements made by Marlene Filut, ARCO Research, Plano.
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Table 3.3 
X-Ray Diffraction Analysis 
Clay Mineralogy 
(grain size less than 4 microns)
Quartz Smectite Illite Kaolinite Other
Percent Percent Percent Percent Percent
Berea 8 11 47 24 10
Chugwater 0 81 3 0 16
Gold 4 7 16 57 16
Chocolate 6 17 42 23 12
Woodbine 7 11 32 40 10
Measurements made by Marlene Filut, ARCO Research, Plano.
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Electron microphotographs obtained at magnifications of 100 
and 300, are shown in Figure 3.1. The following sample 
descriptions are based on x-ray diffraction and electron 
microphotographs.
Berea sandstone: Dominantly quartz grains with illite 
and smectite coatings, and quartz overgrowth cements. Grain 
size 200-250 microns, moderately well sorted, subrounded. 
Porosity 19.4%.
Chugwater sandstone: Dominantly quartz and Potassium
feldspar grains. Grain size 250 microns, moderate to well 
sorted, angular to subangular. Extensive zeolite 
(clinoptilolite) cement. Bubble-textured mineral may be 
thomsonite. Cubical minerals may be clinptinolite and 
laumonite, all zeolites. Porosity 18.1%.
Gold sandstone: Almost entirely quartz grains, some
with pitting. Grain size 150 microns, well sorted, 
subrounded. Quartz cement, with some sharp overgrowth 
quartz cements present. These suggest a phase of quartz 
leaching, with later pressure solution cementation.
Porosity 17.6%.
Chocolate sandstone: Dominantly quartz grains, with
some heavily altered feldspar grains. Grain size 150 
microns, well sorted, subrounded. Overgrowth illite and 




Figure 3.1a. Scanning electron microscope photographs,
(a) Berea 100X, (b) Berea 300X.
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( a )  100X i------ 1 100 micrometer
( b ) 307 X i------------------- 1 100 micrometer
Figure 3.1b. Scanning electron microscope photographs,
(a) Chugwater 100X, (b) Chugwater 300X.
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( a )  100X i------ 1 100 micrometer
( b )  301 X i- ------------------ 1 100 micrometer
Figure 3.1c. Scanning electron microscope photographs,
(a) Gold 100X, (b) Gold 300X.
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( a )  9 9 X 1------ 1 100 micrometer
( b ) 300 X i-- - - - - - - - - - - - - - - - - - 1 100 micrometer
Figure 3.Id. Scanning electron microscope photographs,
(a) Chocolate 100X, (b) Chocolate 300X.
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( a )  100X i------ 1 100 micrometer
( b )  300X i i 100 micrometer
Figure 3.1e. Scanning electron microscope photographs,
(a) Woodbine 100X, (b) Woodbine 300X.
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Woodbine sandstone: Grains are almost entirely quartz.
Grain size 75-100 microns, well sorted, subrounded. Cement 
is mostly quartz. Some kaolinite present within cement. 
Porosity 32.4%.
3.2 Sample Preparation
Samples were cut into cylindrical "plugs" measuring 1.5 
inches in diameter, with the axis perpendicular to the 
sandstone bedding. The ends were ground smooth and flat. 
After the porosity of the samples was measured as described 
in the Appendix, the samples were again oven-dried under 
vacuum.
Samples were placed into the assembly shown 
schematically in Figure 3.2, and transducers were attached 
to each end of the sample. Heat-shrink tubing was placed 
around the sample and the ends of the transducers to 
separate the sample and its pore system from the hydraulic 
fluid of the pressure vessel. Wire clamps were used to hold 
the tubing against the transducers. This prevented hydraulic 
fluid from entering the sample pore system during initial 
application of






W & *» / / / / !
Aluminum
Buffer
* S S S / > .* * /  /  /  /s s \ \/ > \ S \ \
\ N N S \ \ \ ̂ /  /  /  /  7  /  /  /  /  / /S \ \ \ \ \ \ N \ \ \ S \ \  
' / / / / / / / / / / / / /  
N S \ \ N \ \ \ \ S \ S \ \
'/////////////




Figure 3.2. Schematic diagram of Sample Assembly.
Transducers are placed at each end of the sample. 
Heat-shrink tubing surrounds the sample and ends of the 
transducers. P, Su and SL are the P and two S 
transducers.
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confining pressure. Vacuum grease was also applied around 
the outside of the aluminum transducer buffer, beneath the 
heat-shrink tubing. This further sealed the internal pore 
system from the external hydraulic fluid.
3.3 Experimental Set-up and Equipment
Energy impulses were transmitted through the rock 
sample by means of lead zircon titanate (PZT) wafers. The 
transducer wafers were contained in a transducer housing as 
shown schematically in Figure 3.2. Two transducer 
assemblies were used, one to transmit and one to receive the 
impulse. Three wafers were used in each transducer 
assembly: one P-mode, and two S-mode. The central
frequency of the P-mode crystal is about .8 MHz while that 
of the S-mode is about .6 MHz. The two S-wave transducers 
were placed in mutually orthogonal orientations. This 
allowed S-wave velocities to be measured in two different 
polarizations.
The transducer wafers were attached in a stack to an 
aluminum buffer which separated the rock sample from the 
transducers. The thick aluminum buffer was used to lengthen 
the period of reverberations and reduce their interference 
with the transmitted signal. The transducer wafer stack was
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backed with a cylindrical preparation of tungsten epoxy.
The acoustic impedance of the tungsten epoxy is similar to 
that of the transducer wafers, and therefore produces only a 
small reflection at the interface. The epoxy cylinder was 
made thick to prevent the reflection at the back of the 
epoxy from interfering with the transmitted signal. A spring 
was used to press the epoxy backing and the transducer stack 
against the aluminum buffer, thereby improving acoustic 
coupling. The transducer stack was housed in a hollow 
cylinder made of stainless steel so that it would support 
the loads to which it would be subjected during the 
experiment. A duct through the steel cylinder and aluminum 
buffer was used to introduce fluid into the sample area and 
control pore-fluid pressure.
During the experiment the sample assembly was 
introduced into the load frame shown schematically in Figure 
3.3. The purpose of the load frame was to supply the 
vertical axial load and confining pressure to the sample 
assembly. The axial load is introduced through the moving 
platen. As the platen is hydraulically raised, it also 
raises the closure cover and the pressure vessel. The walls 













Figure 3.3. Schematic diagram of load frame containing 
sample assembly.
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O-rings. The closure cover and plug push against the sample 
assembly from the bottom, and force it against the 
stationary ram, thus introducing the axial load. The load 
frame is capable of supporting over 500,000 Ibf. The 
maximum load introduced in this experiment was 50 MPa across 
a 1.5 inch surface area. This is about 12,500 lbf applied 
to the load frame.
Confining pressure was supplied by introducing 
hydraulic oil into the pressure vessel surrounding the 
sample assembly. As noted earlier, the sample and its pore 
system were separated from the hydraulic fluid by plastic 
heat-shrink tubing surrounding the sample. Although the 
hydraulic system is capable of delivering pressures of 220 
MPa, the maximum confining pressure used in this experiment 
was limited to 50 MPa. Load and confining pressure were
supplied by the same system. The system is capable of
producing 220 MPa using a 1:12 MTS Corporation intensifier 
driven by a 2 0 MPa hydraulic pump.
The load magnitude during the experiment was measured 
by means of a load cell inserted between the sample column 
and the moving plug during the experiment. The load cell is 
a dog-bone-shaped cylinder of hollow steel which deforms 
elastically during loading. The magnitude of the
deformation is measured using strain gages attached in a
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Wheatstone bridge arrangement to the exterior of the load 
cell. Voltage readings from the Wheatstone bridge were 
calibrated to actual loads prior to the experiment.
The load cell is located in the pressure vessel and is 
therefore subjected to a change in confining pressure during 
the experiment. A test was performed to determine the 
magnitude of the error imposed on the load cell by the 
change in confining pressure. A spring with high stiffness 
(1900 lbf/inch) was introduced into the load column. In this 
way the load applied to the load cell could be measured from 
the deflection of the spring. This provided a measure of 
the load, independent of the load cell. Load readings from 
the load cell and spring were then compared under various 
confining pressures. Using this procedure it was determined 
that a slight error in the load cell reading was introduced 
by changes in confining pressure. The error was uniform 
over the range of pressures used in the experiment: .016 MPa
apparent increase in load per 1 MPa increase in confining 
pressure. This relatively small error was ignored in the 
experiment. Values of both axial load and confining 
pressure were controlled using an MTS 406 controller. Load 
and confining pressure were measured by transducers whose 
nominal accuracy was +/- 2 MPa.
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An HP 214B pulse generator was used to generate square 
wave pulses. The length of the pulse was varied from one 
sample to the next so as to maximize the strength of the 
arriving signal. Pulse width varied from 50 to 200 
nanoseconds. The pulse was transmitted at a repetition rate 
of about 100 Hz, the signal was detected using a Nicolet 
Model 204 digital oscilloscope using a sample interval of 50 
nanoseconds for all but the Gold sandstone sample, which was 
measured at a 100 ns rate. A Fluke 8520A digital multimeter 
was used to measure the load cell voltages. The first 1000 
samples of each waveform, including a few hundred samples 
prior to the arrival of the actual wave, were recorded and 
stored using Lotus 123 spreadsheet software running on a PC. 
These stored waveforms were analyzed at a later time to pick 
the first arrivals.
3.4 Experimental Procedure
Prior to making traveltime measurements in the rock 
samples, it was necessary to "zero" the transducer 
assemblies. This was done by placing the transducers into 
direct contact and measuring P and S arrivals. Times 
recorded in this way represent the time required to travel 
through the transducers and the aluminum transducer buffers.
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When the data were later analyzed to compute velocities, 
these base traveltimes were subtracted from the recorded 
traveltimes. Zero measurements were made over a pressure 
range of 6.9 MPa - 4 8.3 MPa and found to be independent of 
pressure. Zero measurements were made both at the beginning 
and end of the actual rock-measurement sequence. The zero
traveltime had not changed between the beginning and end of
the experiment.
After the sample was introduced into the pressure 
vessel, a vacuum of 26 mm Hg was drawn for 15-30 minutes 
prior to the introduction of pore fluid. Pore fluid was 
introduced into the evacuated rock with a pressure of 1.38 
MPa. SOLTROL 130 was used as the pore fluid for all
measurements. The density of SOLTROL 130 is .75 g/cc at
room temperature. Velocities in SOLTROL 130 depend on 
temperature and pressure. At room temperature the velocity 
varies linearly from 1050 m/s to 1350 m/s for pressures of 0 
MPa to 4 3 MPa.
The laboratory stress program is shown graphically in 
Figure 3.4. This figure is similar to Figure 1.2, but the 








4 82 8 3 4 4 1210 7 1 4
Deviatoric Stress (MPa)
Figure 3.4. Laboratory stress program. P and S wave
velocities were measured at 28 different stress states. 
Measurements were obtained for successively increasing 
deviatoric stresses, in the directions indicated by the 
arrows. Deviatoric stress is total axial load minus 
confining pressure.
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absolute load and confining pressure) rather than absolute 
load. All measurements were made with pore pressure held 
constant at 1.38 MPa (200 PSI). The initial suite of 
measurements was made with zero axial load. Seven 
measurements were taken at confining pressures of 6.9 MPa, 
13.8 MPa, 20.7 MPa, 27.6 MPa, 34.5 MPa, 41.4 MPa, and 48.3 
MPa. These pressures correspond to 1000-7000 PSI at even 
increments of 1000 PSI. A suite of measurements was then 
made with confining pressures decreasing through the same 
values, while deviatoric stress was held at zero. This was 
done to obtain an estimate of velocity hysteresis. After 
taking measurements at zero deviatoric stress, the 
deviatoric stress was increased to 6.9 MPa (1000 PSI). 
Measurements were then obtained as confining pressure 
increased to 41.4 MPa (6000 PSI). Measurements then 
proceeded as indicated by the arrows in Figure 3.4. At the 
conclusion of all measurements, a final suite of 
measurements was made at zero deviatoric stress. This was 
done to obtain an estimate of velocity hysteresis throughout 
the entire measurement program.
At each stress state, the P-waveform and two S- 
waveforms were collected. The first 1000 samples of each 
waveform were recorded in a PC data file. Pressure
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measurements were also collected from pressure transducers 
and recorded in the same PC data file.
Three measurements (one P and two S mode) were recorded 
at each of 28 stress states for each of the 5 samples. An 
additional 12 measurements were made to evaluate hysteresis, 
resulting in a total of 40 stress state measurements or 120 
recorded waveforms for each sample. Example P and S 
waveforms are displayed in Figure 3.5.
3.5 Experimental Error
To confirm the accuracy of the equipment and 
methodology, traveltime measurements were made on aluminum 
cylinders with known P and S wave velocities. These 
measurements, shown below, are within 1% of the nominal 
values.
 Measured  -Nominal-
Length VS1 VS2 VP VS VP
(cm) (m/s) (m/s) (m/s) (m/s) (m/s)
2.55 3114 3095 6305 3135 6321
5.00 3096 3115 6211 3135 6321
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M i c r o s e c o n d s
Figure 3.5. Example P- and S-waveforms. The "zero time" 
location has been marked on each plot. Note leading 
noise in S plot.
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velocity equation for the procedure: V = L ! ( t m- t z) .  The 
absolute error AV  in the wave velocity may be estimated by 
partial differentiation.
AV = ^ A L + > + ^  A ,-----At7
dL ftl dtz
(3.1)
tz is a common value for all readings. Any error in this 
term will be present for samples. For AZ,=0.05mm, Atm =  
150ns, and Atz = 100ns we have AVP = 27 m/s, where most of 
the error(15 m/s) is due to error in measurement of the 
arrival time. For S waves we have AVS = 15 m/s.
In addition to the length and traveltime errors 
discussed above, we must consider error in the pressure 
measurements, and their impact upon the velocity 
measurements. Recognizing that V = V ( a ],cr3) we write the 
expression for the absolute error in velocity due to error 
in pressure measurements.
AV  = d V  A---- A ct, + d V  A-----A ct,
d < J x 1
(3.2)
To estimate the error due to this effect, we resort to 
the regression equations for Berea sandstone velocity 
presented fully in section 4.3.
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VF = 3697+.220-J + 20.0cti-.057ct3 -.218ct, +.075ctio-3 ( 3 . 3 )
Vs = 2180 + 8.29ct3 + 10.36<7,-.1 \2a\ -.108cr* +.013ct,ct3 ( 3 . 4 )
Velocities are in m/s and pressures are in MPa. From 
these equations we may estimate the partial derivatives of 
equation 3.2. At pressures cr] = a 3 = 25MPa we have 
AFP (pressure) = 24 m/s and AVS (pressure) = 15 m/s. We expect 
this error to vary some from sample to sample and pressure 
state to pressure state.
The sum of the absolute velocity errors due to length, 
traveltime, and pressure measurement errors is AVP = 51m/s, 
and AVS = 30m/s. Note that this is a maximum error, and
that we would generally expect some cancellation of each





The samples in this experiment were subjected to a wide 
range of pressure states. Confining pressures passed 
through repeated cycles of confining pressure ranging from 
0 to 50 MPa while axial loads were systematically increased 
from 0 to 50 MPa. In such circumstances it is not possible 
to avoid hysteresis effects. To estimate the range and 
nature of hysteresis effects, an initial suite of velocity 
measurements were made up to a confining pressure of 50 MPa 
under zero deviatoric load. A second suite of measurements 
was then made as the stress was reduced to zero. A final 
suite of measurements was made after all other measurements 
were complete. The results of this procedure are plotted in 
Figure 4.1. Note that for the Woodbine sandstone (Figure 
4.1e) no final suite of measurements was made because the 
sample underwent cataclastic failure (broke) during the 
final measurement.
The effects of hysteresis are not systematic throughout 
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Figure 4.1a. Berea sandstone. Hysteresis effects for
compressional and shear wave velocities. Second cycle 
immediately follows first. Final cycle is measured at 
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Figure 4.1b. Chugwater sandstone. Hysteresis effects for 
compressional and shear wave velocities. Second cycle 
immediately follows first. Final cycle is measured at 
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Figure 4.1c. Gold sandstone. Hysteresis effects for
compressional and shear wave velocities. Second cycle 
immediately follows first. Final cycle is measured at 
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Figure 4.Id. Chocolate sandstone. Hysteresis effects for 
compressional and shear wave velocities. Second cycle 
immediately follows first. Final cycle is measured at 
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Figure 4.1e. Woodbine sandstone. Hysteresis effects for
compressional and shear wave velocities. Second cycle 
immediately follows first. Final cycle not measured due 
to rock breakage.
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sandstone, velocity values increased for the second cycle. 
However, these velocities decreased again by the time of the 
final cycle in all cases except the Chugwater, where 
velocities continued to increase into the final cycle. 
Approximate first- to second-cycle velocity changes were, 
for Berea, .05%; for Chugwater, 1.5%; for Gold, 5%; for 
Chocolate, 1.3%; and for Woodbine, 2.5%. Velocity changes 
from the second to the final cycle were generally smaller: 
for Berea, .75%; for Chugwater, 1.8%, for Gold, .5%, for 
Chocolate .5%. In all cases the sense of the hysteresis 
effect was the same for P and S waves; if P-wave velocities 
increased, so did S-wave velocities.
The nonsystematic nature of hysteresis from sample to 
sample demonstrates that the effects are not due to a 
systematic experimental error, but are a real physical 
phenomenon. The exact causes of the hysteresis are not 
known for this experiment. At least two possible mechanical 
explanations are reasonable: permanent closure of pore 
space, especially micropore space, and fracturing of matrix 
grains. Numerous experiments and theoretical studies have 
shown that closure of pore space will cause an increase in 
stiffness and seismic velocity. (See Nur and Simmons, 1969; 
Walsh, 1965; Budiansky and O'Connell, 1976) Furthermore, an 
increase in fracture density due to breaking of the rock
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matrix will cause a reduction in seismic velocity.
(Sobolev, et al., 1978/ Scott, 1989) These two mechanisms
lead to the following postulated explanation for the 
observed hysteresis effects. During the initial uniform 
pressure cycles, some rock micropores permanently close, 
causing an increase in seismic velocity. As the experiment 
proceeds, and high deviatoric pressures are applied, some 
fracturing of rock matrix occurs. This causes a reduction 
in seismic velocity.
Hysteresis in this experiment is complicated by 
multiple stress cycles, and the application of deviatoric 
stress. I have not investigated the hysteresis caused by 
deviatoric versus confining stress, nor have I investigated 
the impact of multiple stress cycles under varied conditions 
of deviatoric stress. Volarovich et al. (1966) conclude
that it is difficult to separate velocity hysteresis from 
fluid saturation effects. Likewise in this experiment, it 
is difficult to isolate hysteresis from influences of the 
highly varying stress regime; they are simply included as 
an undifferentiated component of the overall results.
Gregory (1967) suggests that hysteresis may be reduced 
somewhat by prestressing the sample. This was not done in 
this experiment for the reason that it was not clear what 
form the prestress cycles should take. Should the cycles be
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limited to confining pressure, or should deviatoric stresses 
be applied? If deviatoric stresses are applied, how close 
to the brittle-ductile failure zone should the sample be 
brought in the prestress routine? These questions imply a 
thesis topic of their own, and are left to future 
investigators.
4.2 Velocity Measurements
Figure 3.5 displays examples of P-mode and S-mode 
recorded waveforms. These examples are taken from Gold 
sandstone at 41 MPa confining pressure, with no axial load. 
These example waveforms are generally representative of the 
waveform quality observed throughout the experiment. 
Waveforms recorded at low pressure were usually not of this 
high quality. Most P-mode arrivals were distinct, low 
noise, and easy to pick. S-mode arrivals were generally 
less distinct. Note that the P-mode wave has a distinct, 
easily detectable first break. For this reason, the zero 
point of P-mode waveforms was chosen at the first break 
position, as marked on the plot. The S-mode waveform, by 
contrast, is generally corrupted by relatively high noise 
levels which make it difficult, if not impossible, to pick 
the actual first break. This noise is probably caused by a
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number of factors including spurious P-mode energy generated 
by the S-mode source, mode-converted waves, and possible 
unattenuated residual energy from previous pulses. Because 
of this noise, it was necessary to choose a more distinct 
zero point on the S-mode waveform. It is not necessary to 
choose the precise first-break time. This is because the 
same zero point was chosen when recording the traveltime 
through the transducer assembly when no sample was present. 
By choosing a consistent pick point in both the zero 
measurement and the sample measurement any delays in the 
pick point are cancelled. I note that when using this 
method a zero point should be chosen as near to the front of 
the waveform as possible. This is necessary because 
attenuation in the sample may delay the zero point with 
respect to the actual first break. This approach to picking 
the S-wave arrival has certain inherent errors, which 
include attentuation and waveform changes. However, because 
of substantial noise preceeding the S-wave arrival, the 
overall accuracy of this method is believed to be greater 
than attempting to pick the actual first-break time.
Tables of velocity values are shown in Table 4.1. 
Reported shear wave velocities are an average of the two 
shear wave polarizations recorded. Pressures indicated in 
these tables, as elsewhere throughout the thesis, are
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effective pressures. That is, pore pressure has been 
subtracted from external pressure. When the terms stress, 
load, or pressure are used, they refer to effective stress, 
load, or pressure unless otherwise indicated.
The velocity data given in Table 4.1 are a function of 
two variables, confining pressure and axial load. It is 
therefore instructive to plot the velocity data in two sets: 
one with confining pressure held constant, and one with 
axial load held constant. The results are shown in Figures 
4.2-4.7. Referring back to Figure 1.1, we see that these 
two sets of graphs represent horizontal and vertical slices 
of the velocity surface.
In all samples except Chocolate sandstone, both P and S 
wave velocities increase substantially as axial load is 
increased while confining pressure is held constant. This 
result may represent microcrack closure response to stress 
in the axial direction.
By contrast, when axial load is held constant under 
increasing confining stress, velocities tend to change only 
slightly. For some samples, velocities actually decrease as 
confining pressure is increased. This is especially true 
for low axial loads and high confining pressures, and it is 












6.9 6.2 6.2 3785 2271
6.9 7.6 14.9 3969 2369
6.9 6.8 6.9 4052 2413
6.9 6.9 28. 9 4107 2441
6.9 6.7 36.1 4136 2459
6.9 7.1 44.0 4171 2477
6.9 7.1 51.2 4180 2487
13.8 12. 6 12.6 3931 2390
13.8 13.9 21.2 4049 2460
13.8 13.8 28 . 6 4123 2500
13.8 14.1 36.1 4149 2507
13.8 14.0 43 . 4 4194 2535
13.8 14.2 51.1 4202 2540
20.7 20.2 20.2 4032 2481
20.7 21.1 28.5 4113 2523
20.7 20.6 35.5 4159 2547
20.7 21.5 43.4 4192 2560
20.7 20.4 49.8 4216 2572
27.6 28.0 28 . 0 4108 2538
27.6 27.1 34.4 4161 2566
27.6 27.7 42.5 4196 2576
27.6 28.0 49.9 4217 2586
34.5 34.9 34 . 9 4144 2567
34 . 5 34 . 8 42.1 4204 2588
34.5 34.3 49.1 4221 2599
41.4 42.9 42.9 4193 2592
41.4 42.5 49.9 4223 2612












6.9 6.9 6.9 3856 2280
6.9 6.9 14.4 3968 2346
6.9 7 .1 21. 9 4052 2429
6.9 7.5 29.6 4084 2457
6.9 7 . 6 37.1 4092 2484
6.9 7.3 44.3 4075 250 6
6.9 7.4 51.8 4086 2536
13.8 14 . 6 14 . 6 3945 2357
13.8 13.7 21.2 4020 2404
13.8 14.6 29.4 4095 2478
13.8 13.5 35. 6 4106 2498
13.8 14 .4 43.9 4109 2520
13.8 14.1 51.1 4086 2538
20.7 20.5 20.5 4002 2402
20.7 21. 6 29.1 4063 2447
20.7 20.5 35.3 4106 2506
20.7 20.0 42.2 4128 2521
20.7 21.1 50. 6 4120 2538
27 . 6 27.6 27.6 4049 2435
27 . 6 28.2 35.7 4090 2480
27 . 6 27 . 6 42.4 4123 2523
27 . 6 28.1 50.2 4134 2538
34.5 35.0 35. 0 4071 2463
34.5 34.9 42.4 4112 2501
34 .5 35.0 49.8 4134 2531
41.4 42.7 42.7 4098 2484i—i 'sF 41.1 48.6 4134 2518












6.9 8.1 8.1 3586 2006
6.9 7.2 14.1 3781 2149
6.9 6.9 20.8 3959 2286
6.9 6.8 27.6 4016 2356
6.9 6.5 34.3 4084 2422
6.9 5.9 40.7 4153 2506
6.9 8 . 0 49.7 4206 2624
13.8 13.4 13.4 3719 2101
13.8 14.5 21.5 3925 2263
13.8 14.5 28.4 4069 2404
13 . 8 15.3 36.1 4107 2457
13.8 13.4 41.2 4160 2528
13.8 13.0 47.7 4227 2624
20.7 20.6 20.6 3847 2194
20.7 22.1 29.1 4017 2350
20.7 20.8 34.8 4130 2470
20.7 21.4 42.1 4160 2517
20.7 20.7 48.5 4220 2603
27 . 6 28.2 28.2 3972 2284
27 . 6 28.7 35. 6 4090 2408
27 . 6 26.9 40.9 4185 2516
27 . 6 28.2 49.0 4211 2576
34 .5 34 . 8 34 . 8 4052 2339
34 .5 33.4 40.3 4148 2448
34 .5 33.8 47.8 4217 2552
41.4 42. 6 42.6 4127 2394
41.4 42.7 49.7 4189 2493












6.9 7.0 7.0 3717 2332
6.9 7 . 0 13.9 3714 2311
6.9 7.5 21.3 3743 2320
6.9 7.6 28.3 3758 2331
6.9 7.5 35.3 3769 2338
6.9 7.7 42 .4 3788 2322
6.9 7.1 7.1 3785 2320
13.8 14.2 14.2 3760 2366
13 . 8 14.2 21.1 3751 2342
13 . 8 14 . 0 27.8 3775 2351
13 . 8 14 . 6 35.4 3791 2359
13 . 8 13.9 41.7 3802 2363
13.8 15.2 49.9 3804 2362
20.7 20.4 20.4 3781 2382
20.7 20.4 27.4 3777 2372
20.7 20.9 34.8 3802 2371
20.7 21.2 42.0 3807 2381
20.7 20.8 48.6 3813 2382
27 . 6 27.7 27 .7 3803 2394
27 . 6 27.7 34 .7 3805 2390
27 . 6 27.8 41. 6 3829 2393
27 . 6 28.1 48.9 3835 2399
34.5 34 . 8 34.8 3809 2404
34.5 34.8 41.8 3821 2406
34.5 35.3 49.1 3835 2410
41.4 41.3 41.3 3831 2412t—i 41. 3 48.3 3838 2416












6.9 5.9 5.9 3089 1765
6.9 7.3 14 .2 3039 1735
6.9 6.5 20.5 3095 1778
6.9 7.2 28 . 0 3151 1839
6.9 7.0 34.8 3223 1883
6.9 6.9 41.7 3240 1879
13.8 14.2 14.2 3097 1776
13.8 14 .2 21.2 3107 1778
13.8 13.8 27 . 8 3166 1830
13.8 13.9 34.8 3215 1896
13.8 13.6 41.4 3277 1956
13.8 14.0 48 . 8 3308 1987
20.7 21.3 21.3 3151 1805
20.7 21.3 28.2 3157 1827
20.7 21.0 35.0 3218 1878
20.7 21.0 41. 9 3260 1941
20.7 20.9 48.7 3314 1997
27.6 28.7 28.7 3185 1832
27.6 27.5 34.4 3213 1864
27.6 27.2 41.1 3267 1916
27 . 6 27.8 48.6 3301 1977
34.5 34.6 34. 6 3215 1850
34.5 34.8 41.7 3253 1897
34.5 34.8 48.8 3300 1951
41.4 41.8 41.8 3229 1863
41.4 41.4 48.3 3276 1920




































Berea Sandstone Compressional W ave Velocity
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Berea Sandstone Shear W ave Velocity
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Figure 4.2a. Berea sandstone. Compressional and Shear wave
velocity as a function of axial load. Confining




































Berea Sandstone Compressional Wave Velocity
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Figure 4.2b. Berea sandstone. Compressional and Shear wave
velocity as a function of confining pressure. Axial




































Chugwater Sandstone Compressional W ave Velocity
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Figure 4.3a. Chugwater sandstone. Compressional and Shear
wave velocity as a function of axial load. Confining




































Chugwater Sandstone Compressional Wave Velocity
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Figure 4.3b. Chugwater sandstone. Compressional and Shear
wave velocity as a function of confining pressure.



































Gold Sandstone Compressional Wave Velocity
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Figure 4.4a. Gold sandstone. Compressional and Shear wave
velocity as a function of axial load. Confining




































Gold Sandstone Compressional Wave Velocity
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Figure 4.4b. Gold sandstone. Compressional and Shear wave
velocity as a function of confining pressure. Axial




































Chocolate Sandstone Compressional Wave Velocity
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Figure 4.5a. Chocolate sandstone. Compressional and Shear
wave velocity as a function of axial load. Confining




































Chocolate Sandstone Compressional Wave Velocity
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Figure 4.5b. Chocolate sandstone. Compressional and Shear
wave velocity as a function of confining pressure.




































Woodbine Sandstone Compressional Wave Velocity
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Figure 4.6a. Woodbine sandstone. Compressional and Shear
wave velocity as a function of axial load. Confining




































Woodbine Sandstone Compressional Wave Velocity
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Figure 4.6b. Woodbine sandstone. Compressional and Shear
wave velocity as a function of confining pressure.
Axial load is held constant for each curve.
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very apparent in the Chugwater, Gold, and Woodbine samples. 
This result may be due to the fact that for constant axial 
load, an increase in confining pressure will open 
microcracks which are oriented perpendicular to the axial 
direction.
The unusual rock of the set is the Chocolate sandstone. 
This sample exhibits a response to stress which is almost 
opposite to that of the other samples. In particular the 
shear velocity is flat for increasing load, and increases 
substantially with increasing confining pressure. This 
result is surprising in view of the substantial 
mineralogical and structural similarity between all the 
samples of the experiment.
4.3 Analysis of Results
Additional insight into the nature of the velocity 
surface is gained by fitting it to a quadratic surface. I 
have fitted both the P-wave and S-wave velocities to a 
function of the form:
V = a0+axa^ +a2(J\ + a3<Jl +aA<J] +^5cr3cr1. (4.1)
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The regression coefficients and correlation 
coefficient, R, are given in Table 4.2. R is a measure of 
how well the regression fits the data. It is computed using 
the expression
The regression coefficients are all high; the worst is 
.97 9 for the Woodbine sandstone. Figure 4.7 provides a 
comparison of Gold sandstone data with the
regression equation. The fit is generally good throughout 
the measurement area. It successfully models seemingly 
problematic velocity shapes such as the arch shape observed 
in the shear velocities of Figure 4.4b.
These regression equations have not been derived to 
provide a physical explanation for the velocity response, or 
to provide a general means of predicting velocities as a 
function of triaxial stress. Rather, they will be used to 
gain an understanding of the shape of the velocity surface, 
and provide a means for more detailed analysis.
The regression equations are a smooth least-squares fit








Berea Chugwater Gold Chocolate Woodbine
ao 3697 3791 3408 3684 3009
ax 0.222 -4.25 -5.97 3.39 6.05
a2 20.0 16.5 32.4 2.18 1.40
a3 -0.057 -0.078 -0.111 -0.035 -0.054
-0.218 -0.230 -0.353 -0.011 0.100
a5 0.075 0.195 0.239 -0.001 -0.096
R . 995 .990 .994 .988 .979
Berea
S-Wave Regression Coefficients 
Chugwater Gold Chocolate Woodbine
«o 2180 2211 1888 2305 1714
<-h 8.29 -0.013 -2.13 5.27 4.45
a2 10.4 11.4 22.2 -.812 0.384
*3 -0.112 -0.069 -0.198 -0.064 -0.138
*4 -0.108 -0.110 -0.167 0.009 0.089
a5 0. 013 0.065 0.183 0.010 0.017
R . 995 .993 . 995 .988 . 979
Coefficients are for the quadratic expression 
V = a0+ala 3+a2(J\+a3al+ 0^ +a5a 3a v Where V is in m/s, and <r, 



































Gold Sandstone Compressional Wave Velocity Fit
3 4 0 0
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Figure 4.7. Gold sandstone Fit to Quadratic Surface.
Compare with Figure 4.4. Points are measured values, 
lines are from fitted velocity surface:
V = a0+ a ]a 3 +a2a l + a 3cr \ +a4a]  +a5a 3a v
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contouring purposes. Figure 4.8 shows constant-velocity 
contours for each of the samples. The diagonal line is the 
uniform pressure line, above which no measurements were 
made. The contours were computed directly from the 
quadratic regression equation 4.1. This was done by setting 
V =  contour value, and plotting the resulting relation 
between a, and cr3 .
A great deal about the velocity response to triaxial 
stress is revealed in these figures. The gradient, or 
direction of maximum increase in velocity is perpendicular 
to the constant velocity lines. Stylized representations of 
the various contour orientations are shown in Figure 4.9. 
Where contours are vertical, the gradient is in the 
direction of increasing load; velocity changes are 
independent of changes in confining pressure. Where 
contours are horizontal, the gradient is in the direction of 
increasing confining pressure, and is independent of changes 
in load. Examples of both styles of contour are represented 
in the figures. The horizontal shear-wave contours of 
Figure 4.8d are unexpected, and indicate that shear wave 
velocity in the Chocolate sandstone is virtually independent 
of load over a wide range of pressures.
Between the extremes of vertical and horizontal
contours are contours which indicate a mixed-stress velocity
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Figure 4.8a. Berea sandstone. Constant-velocity contour
plots for compressional- and shear-wave velocities.
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Figure 4.8b. Chugwater sandstone. Constant-velocity
contour plots for compressional- and shear-wave
velocities.
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Figure 4.8c. Gold sandstone. Constant-velocity contour
plots for compressional- and shear-wave velocities.
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Chocolate Sandstone Isovelocities (Compressional Wave)
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Figure 4.8d. Chocolate sandstone. Constant-velocity
contour plots for compressional- and shear-wave
velocities.
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Figure 4.8e. Woodbine sandstone. Constant-velocity contour




Case 1. Vertical contours indicate that velocity depends entirely on load; 
changes in confining pressure will have no effect.
Confining
Pressure
Case 2. Horizontal contours indicate that velocity depends entirely on confining 
pressure; changes in load will have no effect.
Confining
Pressure
Case 3. Contours at a 45 degree angle indicate that velocity will increase with 
increases in stess, and that load and confining pressure have equal effects.
Confining
Pressure
Case 4. Contours parallel to the uniform stress line indicate that velocities will 
increase with increasing load, but decrease with increasing confining pressure.
Figure 4.9. Stylize velocity contours. Velocity gradients 
are normal to velocity contours, and indicate the 







gradient. In such cases a maximum change in velocity occurs 
when both load and confining pressure are increased. The 
least intuitive of the four contours styles of Figure 4.9 is 
case 4. Here, the contours are parallel to the uniform 
pressure line. This situation occurs in several of the 
samples at high stresses near the uniform-pressure line.
See for example shear velocities of the Chugwater sandstone 
in Figure 4.8b. In this case, velocities actually decrease 
as confining pressure increases. Note that, in contrast to 
confining pressure, velocity always increases with 
increasing load.
4.4 Equivalent Stress
Towle et al. {1989), defined the term equivalent
effective stress: "Equivalent effective stress is defined
as that effective stress at which laboratory measurements of 
velocity equal well log measurements in the same rock." As 
elsewhere in the thesis, we will drop the word "effective" 
as understood, and use only the term "equivalent stress." 
Equivalent stress is a useful concept. We can expand the 
meaning to relate laboratory velocity measurements obtained 
at uniform stress to velocities in an arbitrary stress
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regime. Two stress regimes of immediate interest are 
lithostatic and general tectonic stress regimes.
Lithostatic stress is the stress induced by the weight 
of overburden. No tectonic stresses are considered here. In 
this situation, both lateral stresses are equal. If the 
rock is isotropic, it is easily shown using Hooke’s Law that 
under zero-strain boundary conditions, the following 
relationship between the principal stresses applies.
v
cr2 = a 3= cr,  ------- ( 4 . 3 )1- v
For v = .25, we have <j 2 = a 3 - — cr, . The line with this slope
is labeled "lithostatic stress" in Figure 4.10. The line 
represents a specific stress regime, a transversely 
isotropic stress regime in which lateral stresses are 1/3 of 
the vertical stresses. From this figure, and also from 
Figure 4.8, the concept of equivalent stress is readily 
apparent; it is the intersection of the velocity contour 
line with the two stress regime lines. Where contour lines 
are vertical, we have <Je = a l. Where contour lines slope 
down to the right we have a e< a ir and where contour lines 
slope up to the right we have crc > cr, .
Examination of the contour plots (Figure 4.8) reveals 
two general facts:
T-4025 96
1) The hydrostatic equivalent stress relationship for 
shear velocities will generally be different than for 
compressional velocities.
2) The equivalent stress relationship varies 
substantially from rock to rock. No simple rule of 
equivalent stress is apparent from these samples.
If we make the assumption that constant-velocity 
contours are linear, the following expression for the ratio 
of equivalent stress to in situ stress may be derived:
cr Rt + Cf
R =  —  = — ---  (4.4)
' CT, 1 + Cf
The transverse stress ratio, Rt, is the ratio of 
lateral to vertical stress, cr3 /cr, along the lithostatic 
stress line being analyzed. As stated earlier, a static 
Poisson's ratio of .25 implies R=l/3. The contour factor 
C f, is the negative slope of the constant-velocity contour
line. The simple derivation of this equation is based 
on the assumption that the contour of Figure 4.10 is a line 
whose negative slope is C f .







Lithostatic Stress Line 
Poisson's ratio = .25
In situ Stress
Equivalent Hydrostatic Stress
Figure 4.10. Equivalent stress. The concept of equivalent 
stress is readily understandable in the contoured 
velocity plane. It is the uniform stress which yields 
the same velocity as the in situ stress.
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values for Re . As the contours approach vertical, Cf
approaches infinity, and Re approaches 1. For horizontal 
contours we have Cf = 0, and Re = 1/3. This case is a
reasonable lower limit for Re. When contours slope down to 
the right at 45 degrees, Re is 2/3. For the case of 
negative Cf the equivalence ratio becomes greater than 1.
Equivalence ratios have been computed for the samples of 
this experiment, and are listed in Table 4.3. These values 
are not based on the approximation of equation 4.4, but 
rather are based on the actual contours as shown in Figure 
4.10. Where no values are given, the equivalent hydrostatic 
stress value lies outside of the experimental pressure 
range. Equivalent stress ratios range from values greater 
than 1 for the Chugwater and Gold sandstones, to 
values less than 0.3 for Chocolate sandstone S-wave 
velocities. S-wave equivalent stress ratios are almost 
always smaller than P-wave ratios. From the contour plots 
and Table 4.3, it is clear that full elastic equivalence 
will not generally be possible; the equivalent pressure for 
P-waves will gennerally not be the same as the equivalent 
pressure for S-waves.
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Table 4.3 Equivalent Stress Ratio
Axial Berea Chugwater Gold Chocolate Woodbine
Load P S P S P S P S P S
10 0 . 99 0.70 1.23 1.02 1.16 1.12 0. 60 0.23 0.56 0.57
20 0.99 0.68 1.22 1.05 1.17 1.21 0. 60 0.25 0. 69 0.80
30 0.98 0.66 1.21 1.13 1.18 1.46 0. 60 0.27 0.86 1.13
40 0.97 0.63 1.16 ---- 1.25 ---- 0. 61 0.29 1.14 ----
50 0.90 0.58 0.88 0. 62 0.32 ---- ----
The equivalent stress ratio, R3=cre/cr; has been computed for 
the lithostatic stress line define by Rt =1/3. The 
computation is based on the intersection of velocity 
contours shown in Figure 4.8 with the hydrostatic and 
lithostatic stress lines.
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4.5. Velocity Variations at Lithostatic Stress
It is reasonable to make a direct comparison between 
velocities along the hydrostatic stress line, and velocities 
along the lithostatic stress line. This has been done in 
Figure 4.11. For the particular plots shown, the 
lithostatic stress line has been defined by the relation 
<t3 = ct1/3. No data points have been shown in these plots; 
the curves are direct computations of velocity using 
equation 4.1.
Equivalent stress is easily interpreted from these 
plots. Equivalent stress between the two stress regimes is 
simply the intersection of horizontal velocity lines with 
the two velocity curves. When the lithostatic stress line 
falls below the hydrostatic line we have i?e < l .  When the 
lithostatic stress line lies above the hydrostatic line we 
have Re> 1.
Towle (1978), provided experimental and theoretical 
evidence that velocity squared is often a linear function of 
hydrostatic pressure in clastic rocks: V 2 = aP]/3 +b . His 






























Berea Sandstone Compressional Velocity
4 3 0 0
4 2 0 0 -
4 1 0 0 -
4 0 0 0 -
3 9 0 0 -
Hydrostatic
3 8 0 0 - Lithostatic
3 7 0 0
5 00 4 010 20 3 0
A xia l Load (M P a)
Berea Sandstone Shear Velocity
2 7 0 0
2 6 0 0 -
2 5 0 0 -
2 4 0 0
Hydrostatic
2 3 0 0 -
Lithostatic
2200
5 00 10 20 3 0 4 0
A xia l Load (M P a)
Figure 4.11a. Berea sandstone. Velocity profiles along
hydrostatic and lithostatic lines. Computed from






























Chugwater Sandstone Compressional Velocity
4 2 0 0
4 1 0 0 -
4 0 0 0 -
Hydrostatic
Lithostatic
3 9 0 0 -
3 8 0 0
0 10 5 020 3 0 4 0
A xia l Load (M Pa)
Chugwater Sandstone Shear Velocity
2 6 0 0
2 5 0 0 -
2 4 0 0 -
Hydrostatic
Lithostatic
2 3 0 0 -
2200
0 10 20 3 0 5 04 0
A xia l Load (M Pa)
Figure 4.11b. Chugwater sandstone. Velocity profiles along
hydrostatic and lithostatic lines. Computed from






























Gold Sandstone Compressional Velocity
4 4 0 0
4 2 0 0  -
4 0 0 0  -
3 8 0 0  -
Hydrostatic
Lithostatic
3 6 0 0 -






A xia l Load (M Pa)
Gold Sandstone Shear Veloc ity
2 8 0 0
2 6 0 0 -




1 8 0 0
0 10 20 4 03 0 5 0
A xia l Load (M Pa)
Figure 4.11c. Gold sandstone. Velocity profiles along
hydrostatic and lithostatic lines. Computed from



































Chocolate Sandstone Compressional Velocity
3 8 5 0
3 8 0 0  -
3 7 5 0 -
Hydrostatic
Lithostatic
3 7 0 0  -
3 6 5 0
5 04 010 3 00 20
A xial Load (M Pa) 
Chocolate Sandstone Shear Velocity
2 4 2 5
2 4 0 0 -
2 3 7 5  -
2 3 5 0 -
Hydrostatic
Lithostatic
2 3 2 5  -
2 3 0 0
5 03 0 4 010 200
A xia l Load (M P a)
Figure 4.lid. Chocolate sandstone. Velocity profiles along
hydrostatic and lithostatic lines. Computed from






























Woodbine Sandstone Compressional Velocity
3 4 0 0
3 3 0 0 -
3 2 0 0 -
Hydrostatic
Lithostatic
3 1 0 0 -
3 0 0 0
5 04 00 20 3 010
A xia l Load (M P a)
W oodbine Sandstone Shear Velocity2000-
1 9 5 0 -
1 9 0 0 -
Hydrostatic
Lithostatic1 7 5 0 -
1 7 0 0
5 04 03 00 10 20
A xia l Load (M P a)
Figure 4.lie. Woodbine sandstone. Velocity profiles along
hydrostatic and lithostatic lines. Computed from
equation 4.1. Lithostatic line defined by cr3 = <r, /3.
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various packings of spheres. White and Sengbush (1953) 
analyzed simple cubic packings. Gassmann (1953) analyzed 
hexagonal packings, and Duffy and Mindlin (1957) analyzed 
face-centered cubic packings. The expressions for P and S 
wave velocities in these packings are all of the form 
V — f(Pm ) where f  is approximately linear in P x'2 .
Towle's results apply to hydrostatic pressure. I have 
investigated the applicability of this result to both the 
hydrostatic and lithostatic regimes for the samples of this 
study. The results are shown in Figure 4.12. The points 
plotted are not the actual data points. Instead, I have 
plotted four points at 10, 20, 30 and 40 MPa taken from the 
regression equation 4.1. The plotted lines are least- 
squares fits to these four data points. Slope and intercept 
terms, and correlation coefficients are shown in Table 4.4. 
The fits are excellent in every case except the lithostatic 
line of the Woodbine sample, where the data follow a form 





























Compressional Velocity Linearized Function
1 7 . 5 -
1 7 -
1 6 . 5 -
1 6 -
1 5 . 5 -
1 5 - Hydrostatic= 0.196x + 10.841 □
1 4 . 5 - Lilhostatic0.194x + 10.883 o
20 3 52 5 3 0
LoadAl/3 * 1 0  (M P a)
Berea Sandstone
Shear Velocity Linearized Function
6 . 5 -
6 -
5 . 5 - Hydrostatic
Lithostatic
= 0.1 OOx + 3.382 °
0.085X + 3.459 o
20 3 52 5 3 0
Load Al/3 * 1 0  (M P a)
Figure 4.12a. Berea sandstone. Velocities linearized using
V 2- a o m  +b . "Data" points obtained from equation 4.1
at axial loads of 10, 20, 30 and 40 MPa.
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Chugwater Sandstone
Compressional Velocity Linearized Function
Hydrostatic
Lithostatic
2 0  2 5  3 0  3 5
LoadA 1 /3 *10  (M P a)
Chugwater Sandstone
Shear Velocity Linearized Function
6 . 5
6 . 2 5 -
6 -vo
•*<N< 5 . 7 5 -
Hydrostatic
Lithostatic
y =  0 .066x  +  3 .946  
y =  0 .076x  + 3.716
5 . 5 -
5 . 2 5
3 52 5 3 020
LoadA 1 /3 *1 0 (M P a)
Figure 4.12b. Chugwater sandstone. Velocities linearized
using V 2=a<jm +b, "Data" points obtained from equation
4.1 at axial loads of 10, 20, 30 and 40 MPa.
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Gold Sandstone








y =  0 .281x + 7.237 □




20 2 5 3 53 0
LoadAl/3 * 1 0  (M P a)
G old Sandstone
Shear V elocity Linearized Function
6 . 5
o
^  4 . 5 -
Hydrostatic
Lithostatic
y =  0 .117x +  1.753 
y =  0 .165x + 0.745
20 2 5 3 0 3 5
LoadAl/3 * 1 0  (M P a)
Figure 4.12c. Gold sandstone. Velocities linearized using
V 2=a<jm +b. "Data" points obtained from equation 4.1





























Compressional Velocity Linearized Function
1 4 . 7 5
y =  0 .0 5 8 x  +  12.693 □ Hydrostatic
Lithostaticy  =  0 .0 4 5 x  +  12.8151 4 . 5 -
1 4 . 2 5  -
1 3 . 7 5
3 53 020 2 5
Chocolate Sandstone LoadAl/3 * 1 0  (M P a)
Shear Velocity  Linearized Function
5 . 9
Hydrostaticy =  0 .025x  +  4 .9 5 9  n
y =  0 .0 1 3 x  +  5 .067  o
5 . 8 -
Lithostatic
5 . 7 -
5 . 3
3 53 02 520
LoadAl/3 * 1 0  (M P a)
F i g u r e  4 . 1 2 d .  C h o c o l a t e  s a n d s t o n e .  V e l o c i t i e s  l i n e a r i z e d
using V 2 = acr13 +b . "Data" points obtained from equation





























Compressional Velocity Linearized Function
Hydrostaticy  =  0 .074x  +  7 .864  
y =  0 .095x  +  7 .163 Lithostatic
9 . 5 -
20 2 5 3 0 3 5
LoadAl/3 *1 0  (M P a)
W oodbine Sandstone




y =  0 .028x  +  2 .490  
y =  0 .049x  +  1.9183 . 6 -
3 . 4 -
3 . 2 -
20 2 5 3 0 3 5
LoadAl/3 *1 0  (M P a)
Figure 4.12e. Woodbine sandstone. Velocities linearized
using V 2 = a<jm  + b . "Data" points obtained from equation




Compressional Wave Velocities 
Sample  Hydrostatic---- -----Lithostatic
a b R a b R
Berea 0.196 10.840 0. 999 0.194 10.880 0.999
Chugwater 0.127 12.500 1.000 0.125 12.760 0.995
Gold 0.281 7.237 1. 000 0.303 7.031 1.000
Chocolate 0.058 12.690 1.000 0.045 12.815 0. 997
Woodbine 0.074 7.864 0. 999 0.095 7.163 0.975
Shear Wave Velocities
Sample ----Hydrostatic ---- Lithostatic-
a b R a b R
Berea 0.100 3.380 0. 997 0.085 3.459 1.000
Chugwater 0.066 3.950 0. 999 0.076 3.716 1. 000
Gold 0.117 1.753 1. 000 0.165 0.745 0.996
Chocolate 0.025 4.959 0. 999 0.013 5.067 0.985
Woodbine 0.028 2.490 0. 998 0. 049 1.918 0.965
Velocity has been linearized as a function of stress. 
Function is of the form Y=aX+b. Units are X=10cr1/3 where a 
is in MPa, and Y=10~6V 2 where V is in m/s. Note that stress 
is axial load in the case of lithostatic stress. The 
lithostatic stress line used in this computation is 
<j3=<j ]/3. R is the correlation coefficient.
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4.6 Conclusions
The velocity of P-waves propagating in the axial 
direction depends mostly upon axial stress; confining 
pressure generally has little influence (See, for example, 
Figure 4.8). However, this general rule does not always 
apply; one sample in this experiment, Chocolate sandstone, 
is more strongly affected by confining stress. In all 
samples tested, an increase in load always caused an 
increase in velocity, but the influence of confining 
pressure was less consistent. For two of the samples, 
Chugwater and Gold, an increase in confining pressure 
actually caused a decrease in axial velocity. Increasing 
confining pressure caused increasing velocity in the other 
samples. This result has implications which bear on 
measurements in the borehole environment. As discussed in 
Chapter 1, the ambient stress field may be substantially 
altered in the lateral direction near a borehole. Vertical 
stresses are not significantly altered by the presence of a 
borehole. Because vertical stresses are not altered, the 
results of this study lead me to conclude that modifications 
to the stress field due to a borehole should not 
significantly alter P-wave velocities.
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The concept of equivalent hydrostatic stress provides a 
means of comparing velocities measured under hydrostatic 
stress to velocities measured under triaxial stress. 
Equivalent hydrostatic stress is the uniform stress which 
must be applied to a rock to yield the same velocity as is 
measured under triaxial stress. The equivalent stress ratio 
is the ratio of equivalent hydrostatic stress to the 
triaxial load (Chapter 4.4). The equivalent stress ratio 
provides a measure of how exclusively axial velocity depends 
on axial load. For P-waves, this ratio is around 0.6 in the 
Chocolate and Woodbine samples, and is greater than 1 in the 
other three samples.
As seen in the velocity contours of Figure 4.8, S-wave 
velocities in the axial direction depend most strongly upon 
axial load. However, S-wave velocities are more strongly 
influenced by lateral stresses than are P-waves velocities. 
For all five samples, the sense of the influence of 
confining pressure on velocity was the same for both P-waves 
and S-waves. For the Chugwater and Gold samples, both P- 
wave and S-wave velocity decreases with increasing confining 
pressure. Chocolate, Berea, and Woodbine samples have 
equivalent stress ratios for S-waves which are less than 
unity; the Chocolate sandstone has equivalent stress ratios 
as low as 0.2. Because the lateral stress field about a
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borehole may be substantially altered, the results of this 
experiment suggest that caution should be used in evaluating 
shear wave logs— shear-wave velocities may have been altered 
by as much as 5-10% due to the change in the lateral stress 
field. Studies based on full polyaxial stress will be 
required to fully understand the impact of the borehole on 
both P- and S-wave velocities.
Examination of the contour plots of Figure 4.4 and of 
the equivalent stress ratios listed in Table 4.3 leads us to 
conclude that laboratory measurements made only for 
hydrostatic pressures will usually be inadequate to fully 
understand the velocity/stress behavior of the sample under 
triaxial conditions; no general rule predicting contour 
shape is apparent.
The shape of the contours appears to be controlled by 
factors other than porosity and gross mineralogy. Further 
study is required to determine what parameters influence 
contour orientation. One factor which is likely to 
influence contour shape is pre-stress or inherent 
anisotropy, in conjunction with the orientation of the 
sample in the stress field. Another possible attribute 
which may influence contour orientation is pore shape and 
pore distribution.
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In a reservoir development situation, the reservoir 
rock should be subjected to a full triaxial stress program 
to fully understand its behavior. It will usually be 
inadequate to measure velocities only under hydrostatic 
stress.
Additional work is suggested by these results. The 
nature of hysteresis in a triaxial environment requires more 
study. Polyaxial stress measurements up to 50 MPa are 
required to build a model for velocity changes attributable 
to wellbore stress field alterations. Static stress/strain 
measurements should be made concurrently with velocity 
measurements under triaxial stress. Such information might 
lead to theoretical explanations for variations in velocity 
as a consequence of triaxial stress.
T-4025 117
REFERENCES CITED
Banthia, B.S., King, M.S., and Fatt, I., 1965. Ultrasonic 
shear-wave velocities in rocks subjected to simulated 
overburden pressure and interval pore pressure. 
Geophysics, Vol. 30, p. 117-121.
Benzing, W.H., Bonner, B.P., and Schock, R.H., 1973.
Ultrasonic travel times in granodiorite under triaxial 
compression. University of California, Lawrence 
Livermore Laboratory, Report no. UCRL-51477, 12p.
Biot, M.A., 1941. General theory of three-dimensional
consolidation. Journal of Applied Physics, Vol. 12, 
February, p. 155-164.
Biot, M.A., 1954. Theory of elasticity and consolidation
for a porous anisotropic solid. Journal of Applied 
Physics, Vol. 26, February, p. 182-185.
Biot, M.A., 1956a. Theory of propagation of elastic waves
in a fluid-saturated porous solid: 1. Low frequency
range. Journal of the Acoustical Society of America, 
Vol. 28, February, p. 168-178.
Biot, M.A., 1956b. Theory of propagation of elastic waves
in a fluid-saturated porous solid: 2. High frequency
range. Journal of the Acoustical Society of America, 
Vol. 28, February, p. 179-191.
Biot, M.A., 1962. Mechanics of deformation and acoustic
propagation in porous media. Journal of Applied 
Physics, Vol. 33, p. 1482-1498.
Biot, M.A., 1962. Generalized theory of acoustic
propagation in porous dissipative media. Journal of 
Applied Physics, Vol. 34, February, p. 1254-1264.
Biot, M.A., and D.G. Willis, 1957. The elastic coefficients 
of the theory of consolidation. J. Appl. Mech., Vol. 
24, p. 594.
T-4025 118
Brandt, H., 1955. A study of the speed of sound in porous
granular media. Presented at the West Coast Conference 
of the Applied Mechanics Division of ASME, Monterey, 
California, September 12-13.
Budiansky, B., and O'Connell, R.J., 1976. Elastic moduli of 
a cracked solid, Int. J. Solids Struct., 12, 81-97.
Castagna, J.P., Batzle, M.L., and Eastwood, R.L., 1985.
Relationships between compressional-wave and shear-wave 
velocities in clastic silicate rocks. Geophysics, Vol. 
50, p. 571-581.
Christensen, N.I. and Wang, H.F., 1985. The influence of
pore pressure and confining pressure on dynamic elastic 
properties of Berea sandstone. Geophysics, Vol. 50, 
No. 2, February, p. 207-213.
Desai, K.P., Helander, D.P., and Moore, E.J., 1969.
Sequential Measurement of Compressional and Shear 
Velocities of Rock Samples under Triaxial Pressure. 
Society of Petrolem Engineers Journal, December, p. 
378-394.
Domenico, S.N., 1984. Rock lithology and porosity
determination from shear and compressional wave 
velocity. Geophysics, Vol. 49, No. 8., August, p. 
1188-1195.
Duffy, J., and Mindlin, R.D., 1957, Stress-strain relations
and vibrations of a granular medium. J. Appl. Mech., 
v. 24, p. 585-593.
Gardner, G.H.F., Wyllie, M.R.J., and Droschak, D.M., 1965.
Hysteresis in the Velocity-Pressure Characteristics of 
Rocks. Geophysics, Vol. 30, No. 1, February, p. 111- 
116.
Garg, S.K., and Nur, A., 1973. Effective Stress Laws for
Fluid-Saturated Porous Rocks. Journal of Geophysical 
Research, Vol. 78, No. 26, September, p. 5911-5921.
Gassmann, F., 1951. Uber die elastizitat poroser medien.
Vierteljarsshr. Naturforsch, Ges. Zurich, Vol. 96, No. 
1, p . 1-23.
T-4025 119
Gassmann, F., 1953. Elastic waves through a packing of
spheres. Geophysics, Vol. 16, p. 673-685.
Gregory, A.R., 1962. Fluid Saturation effects on dynamic
elastic properties of sedimentary rocks. Geophysics, 
Vol. 41, No. 5, October, p. 895-921.
Gregory, A.R., 1967. Mode Conversion Technique Employed in
Shear Wave Velocity Studies of Rock Samples Under Axial 
and Uniform Compression. Society of Petroleum
Engineers Journal, June, p. 136-148.
Han, D., Nur, A., and Morgan, D., 1986. Effects of porosity
and clay content on wave velocities in sandstones. 
Geophysics, Vol. 51, p. 2093-2107.
Hubbert, M.K., and Willis, D.G., 1957. Mechanics of
hydraulic fracturing. Petroleum Transactions, AIME, 
Vol. 210, p. 153-168.
Hudson, J.A., 1981. Wave speeds and attenuation of elastic
waves in material containing cracks. Geophysical 
Journal Royal Astronomical Society, Vol. 64, p. 133- 
150.
Jaeger, J.C. and Cook N.G.W., 1971. Fundamentals of Rock
Mechanics. John Wiley and Sons, New York.
Kuster, G.T., and Toksoz, M.N., 1974. Velocity and
attenuation of seismic waves in two-phase media: Part
1. Theoretical Formulations. Geophysics Vol. 39, p. 
587-606.
Means, W.D., 1976. Stress and Strain. Basic Concepts of
Continuum Mechanics for Geologists. New York, NY, 
Springer-Verlag.
Nye, J.F., 1964. Physical Properties of Crystals. Oxford,
London.
Nur, A., 1971. Effects of Stress on Velocity Anisotropy in
Rocks with Cracks. Journal of Geophysical Research, 
Vol. 76, No. 8, p. 2022-2034.
T-4025 120
Nur, A. and Byerlee, J.D. 1971. An exact effective stress 
law for elastic deformation of rock with fluids. 
Journal of Geophysical Research, Vol. 26, September 10, 
p. 6414-6419.
Nur, A. and Simmons, G., 1969. Stress-Induced Velocity
Anisotropy in Rock: An Experimental Study. Journal of
Geophysical Research, Vol. 74, No. 27, p. 6667-6674.
Rai, C.S., and Hanson, K.E., 1988. Shear-wave velocity
anisotropy in sedimentary rocks: A laboratory Study.
Geophsysics, Vol. 53, p. 800-806.
Robin, P.F., 1973. Note on effective pressure. Journal of
Geophysical Research, Vol. 78, No. 14, May, p. 2434- 
2437.
Scott, T.E. Jr., 1989. The Effects of Porosity on the
Mechanics of Faulting in Sandstones. Ph.D. Thesis, 
University of Texas at Dallas.
Skempton, A.W., 1961. Effective stress in soils, concrete
and rock, in Conference on Pore Pressure and Suction in 
Soils, p4-16, Butterworth, London.
Sobolev, G., Spetzler, H., and Salov, B., 1978. Precursors
to Failure in Rocks While Undergoing Anelastic 
Deformations. Journal of Geophysical Research, Vol. 
83, No. 84, April, p. 1775-1784.
Suklje, L., 1969. Rheological Aspects of Soil Mechanics, p. 
123, Interscience, New York.
Terzaghi, K., V., 1923. Die Berechnung der
Durchlassigkeitsziffer des Tones aus dem Verlauf der 
hydrodynamischen Spannungsersheinungen, Sizunsber.
Akad. Wiss. Wien, 132, 125.
Terzaghi, K., 1943. Theoretical Soil Mechanics, New York,
NY, John Wiley and Sons, Inc.
Tocher, D., 1957. Anisotropy in Rocks under Simple
Compression. Transactions, Am. Geoph. Union, Vol. 38, 
No. 1, February, p. 89-94.
T-4025 121
Tosoya, C. and Nur, A., 1982. Effects of diagenesis and
clays on compressional velocities in rocks. 
Geophysical Research Letters, Vol. 9, No. 1, January, 
p. 5-8.
Towle, G.F., 1978. Stress effects on acoustic velocities of 
rocks. Ph.D. Dissertation (T-1702), Colorado School of 
Mines, Golden, Co.
Towle, G.F., Mueller, T.L., and Whitman, W.W., 1989. The
Use of Laboratory and In-Situ Measurements of Acoustic 
Velocity for Seismic Modeling. CWLS Journal, Vol. 17, 
December, p. 5-23.
Volarovich, M.P., Petkevich, G.I., Bayuk, E.I., and Gurov, 
B.I., 1966. Investigation of longitudinal wave
velocities in sedimentary rock filled with liquids at 
high confining pressures. Tr. Akad. Nauk. SSSR, Inst. 
Fiz. Zemli, v. 204, p. 140-148.
Walsh, J.B., 1965. The effect of cracks on the
compressibility of rock. J. Geophys. Res., Vol. 70, p. 
381.
White, J.E., 1965. Seismic waves: radiation, transmission,
and attenuation. McGraw-Hill Book Company, New York, 
NY.
White,J.E. and Sengbush, R.L., 1955. Velocity measurements
in near-surface formations. Geophysics, Vol. 18, p. 
54-69.
Wyllie, M.R.J., Gregory, A.R., and Gardner, G.H.F., 1956.
Elastic wave velocities in heterogenous and porous 
media. Geophysics, Vol. 21, No. 1, January, p. 41-70.
Wyllie, M.R.J., Gregory, A.R., and Gardner, G.H.F., 1958.
An experimental investigation of factors affecting 
elastic wave velocities in porous media. Geophysics, 
Vol, 23, July, p. 459-493.
Yin, H. 1992. Acoustic Velocity and Attenuation of Rocks: 
Isotropy, Intrinsic Anisotropy, and Stress Induced 
Anisotropy. Ph.D. Dissertation. Stanford University.
T-4025 122
EXPANDED BIBLIOGRAPHY
Anderson, M. A., 1985. Predicting reservoir condition pore-
volume compressibility from hydrostatic-stress 
laboratory data. SPE 14213
Anderson, M. A., and Jones, F. 0., 1985. A comparison of
hydrostatic-stress and uniaxial-strain pore-volume 
compressibilities using nonlinear elastic theory. 26th 
U. S. Symposium on Rock Mechanics, Rapid City, S. D., 
June 26-28, p. 403-410.
Bacri, J. C. and Salin, D., 1986. Sound velocity of
sandstone saturated with oil and brine at different 
concentrations. Geophysical Research Letters Vol. 13, 
No. 4, April, p. 326-328.
Banthia, B.S., King, M.S., and Fatt,, I., 1965. Ultrasonic 
shear-wave velocities in rocks subjected to simulated 
overburden pressure and interval pore pressure. 
Geophysics, Vol. 30, p. 117-121.
Benzing, W.H., Bonner, B.P., and Schock, R.H., 1973.
Ultrasonic travel times in granodiorite under triaxial 
compression. University of California, Lawrence 
Livermore Laboratory, Report no. UCRL-51477, 12p.
Biot, M.A., 1941. General theory of three-dimensional
consolidation. Journal of Applied Physics, Vol. 12, 
February, p. 155-164.
Biot, M.A., 1954. Theory of elasticity and consolidation
for a porous anisotropic solid. Journal of Applied
Physics, Vol. 26, February, p. 182-185.
Biot, M.A., 1956a. Theory of propagation of elastic waves
in a fluid-saturated porous solid: 1. Low frequency
range. Journal of the Acoustical Society of America, 
Vol. 28, February, p. 168-178.
Biot, M.A., 1956b. Theory of propagation of elastic waves
in a fluid-saturated porous solid: 2. High frequency
T-4025 123
range. Journal of the Acoustical Society of America, 
Vol. 28, February, p. 179-191.
Biot, M.A., 1962. Mechanics of deformation and acoustic
propagation in porous media. Journal of Applied 
Physics, Vol. 33, p. 1482-1498.
Biot, M.A., 1962. Generalized theory of acoustic
propagation in porous dissipative media. Journal of 
Applied Physics, Vol. 34, February, p. 1254-1264.
Biot, M.A., and D.G. Willis, 1957. The elastic coefficients 
of the theory of consolidation. J. Appl. Mech., Vol. 
24, p. 594.
Botset, H.G. and Reed, D.W., 1935. Experiment on
compressibility of sand. Bulletin AAPG, Vol. 19, p. 
1053.
Brace, W.F., 1964. Some new measurements of linear
compressibility of rocks. Journal of Geophysical 
Research, Vol. 70, No. 2. January 15, p. 391-398.
Brace, W.F., 1972. Pore pressure in geophysics. Flow and
Fracture of Rocks, Geophys. Monogr. Ser., Vol. 16, 
edited by H.C. Heard, I.Y. Borg, N.L. Carter, and C.B. 
Raleigh, p. 265-273, AGU, Washington, D.C.
Brandt, H., 1955. A study of the speed of sound in porous
granular media. Presented at the West Coast Conference 
of the Applied Mechanics Division of ASME, Monterey, 
California, September 12-13.
Brandt, H., 1967. Compressional wave velocity and
compressibility of aggregates of particles of different 
materials. Transactions of the ASME, December, p. 886- 
872.
Budiansky, B., and O'Connell, R.J., 1976. Elastic moduli of 
a cracked solid, Int. J. Solids Struct., 12, 81-97.
Carroll, M.M., 1979. An effective stress law for
anisotropic elastic deformation. Journal of
T-4025 124
Geophysical Research, Vol. 84, No. B13, December 10, p. 
7510-7512.
Castagna, J.P., Batzle, M.L., and Eastwood, R.L., 1985.
Relationships between compressional-wave and shear-wave 
velocities in clastic silicate rocks. Geophysics, Vol. 
50, p. 571-581.
Cheng, C.H. and Toksoz, M.N., 1979. Inversion of seismic
velocities for the pore aspect ratio spectrum of a 
rock. Journal of Geophysical Research, Vol. 84, p. 
7533-7543.
Christensen, N.I. and Wang, H.F., 1985. The influence of
pore pressure and confining pressure on dynamic elastic 
properties of Berea sandstone. Geophysics, Vol. 50, 
No. 2, February, p. 207-213.
Coates, G.R. and Denoo, S.A., 1980. Log derived mechanical
properties and rock stress. SPWLA Twenty-first Annual 
Logging Symposium, July 8-11.
Core Lab, 1973: Fundamentals of Core Analysis, p. 2-24.
Coyner, K. and Cheng, C.H., 1984:. New laboratory
measurements of seismic velocities in porous rocks. 
Presented at the 54th annual meeting of the Society of 
Exploration Geophyscists and Atlanta, December 2-6.
DeMartini, D.C., Beard, D.C. Danburg, J.S., and Robinson, 
J.H., 1976. Variation of seismic velocities in
sandstones and limestones with lithology and pore fluid 
at simulated in situ conditions. Proceedings E.G.P.C. 
Exploration Seminar, November 15-17.
Desai, K.P., Helander, D.P., and Moore, E.J., 1969.
Sequential Measurement of Compressional and Shear 
Velocities of Rock Samples under Triaxial Pressure. 
Society of Petrolem Engineers Journal, December, p. 
378-394.
Dobrynin, V.M., 1962. Effect of overburden pressure on some 
properties of sandstone. SPEJ, Vol. 2, No. 4, December 
1962, p. 360-366.
T-4025 125
Domenico, S.N., 1976. Effect of brine-gas mixture on
velocity in an unconsolidated sand reservoir.
Geophysics, Vol. 41, No. 5, October, p. 882-894.
Domenico, S.N., 1977. Elastic properties of unconsolidated
porous sand reservoirs. Geophysics, Vol. 42, No. 7, 
December, p. 1339-1368.
Domenico, S.N., 1984. Rock lithology and porosity
determination from shear and compressional wave 
velocity. Geophysics, Vol. 49, No. 8., August, p. 
1188-1195.
Duffy, J., and Mindlin, R.D., 1957, Stress-strain relations
and vibrations of a granular medium. J. Appl. Mech., 
v. 24, p. 585-593.
Dvorak, A., 1970. Seismic and static modulus of rock
masses. Proceedings of the 2nd Congress on Rock 
Mechanics.
Elliott, S.E. and Wiley, -B.F., 1975. Compressional
velocities of partially saturated, unconsolidated 
sands. Geophysics, Vol. 40, p. 949-954.
Fatt, I., 1958. Pore volume compressibilities of sandstone
reservoir rocks. Petroleum Transactions, AIME, Vol. 
213, p. 362-364.
Frost, E., Jr. and Fertl, W.H., 1982. Shear wave travel
time determination using an unconventional approach. 
SPE 11032.
Gardner, G.H.F., Wyllie, M.R.J., and Droschak, D.M., 1965.
Hysteresis in the Velocity-Pressure Characteristics of 
Rocks. Geophysics, Vol. 30, No. 1, February, p. 111- 
116.
Gardner, G.H.F. and Harris, M.H., 1968. Velocity and
attenuation of elastic waves in sand. SPWLA Ninth 
Annual Logging Symposium June 23-26.
Garg, S.K., 1971. Wave propagation effects in a fluid-
saturated porous solid. Journal of Geophysical
Research, Vol. 76, No. 32, November, p. 7947-7962.
T-4025 126
Garg, S.K., and Nur, A., 1973. Effective Stress Laws for
Fluid-Saturated Porous Rocks. Journal of Geophysical 
Research, Vol. 78, No. 26, September, p. 5911-5921.
Gassmann, F., 1951. Uber die elastizitat poroser medien. 
Vierteljarsshr. Naturforsch, Ges. Zurich, Vol. 96, No. 
1, p. 1-23.
Gassmann, F., 1953. Elastic waves through a packing of
spheres. Geophysics, Vol. 16, p. 673-685.
Geertsma, J. and Smit, D.C., 1961. Some aspects of elastic
wave propagation in fluid-saturated porous solids. 
Geophysics, Vol. 26, No. 2, April, p. 169-181.
Geertsma, J., 1957. The effect of fluid pressure decline on 
volumetric changes of porous rocks, Trans. AIME, 210- 
331.
Geyer, R.L. and Myung, J.I., 1970. The 3-D velocity log; A
tool for in-situ determination of the elastic moduli of 
rocks. Proceedings of the Twelfth Symposium on Rock 
Mechanics, University of Missouri, November 16-18.
Graves, R.M., 1982. Biaxial acoustic and static measurement
of rock elastic properties. Ph.D. Dissertation (T- 
2596), Colorado School of Mines, Golden, Co.
Gregory, A.R., 1962. Shear wave velocity measurements of
sedimentary rock samples under compression. Fifth Rock 
Mechanics Symposium, University of Minnesota, May 3-5, 
p. 439-467.
Gregory, A.R., 1962. Fluid Saturation effects on dynamic
elastic properties of sedimentary rocks. Geophysics, 
Vol. 41, No. 5, October, p. 895-921.
Gregory, A.R., 1967. Mode Conversion Technique Employed in
Shear Wave Velocity Studies of Rock Samples Under Axial 
and Uniform Compression. Society of Petroleum
Engineers Journal, June, p. 136-148.
T-4025 127
Han, D., Nur, A., and Morgan, D., 1986. Effects of porosity 
and clay content on wave velocities in sandstones. 
Geophysics, Vol. 51, p. 2093-2107.
Hicks, W.G., and Berry, J.E., 1956. Application of
continuous velocity logs to determination of fluid 
saturation of reservoir rocks. Geophysics, Vol. 21, p. 
739-754.
Horn, I.W., 1980. Some laboratory experiments on shear wave 
propagation in unconsolidated sands. Marine
Geotechnology, Vol. 4, No. 1., p. 31-54.
Howarth, D.F., 1984. Apparatus to determine static and
dynamic elastic moduli. Rock Mechanics and Rock 
Engineering, Vol. 17, p. 255-264.
Hubbert, M.K., and Willis, D.G., 1957. Mechanics of
hydraulic fracturing. Petroleum Transactions, AIME, 
Vol. 210, p. 153-168.
Hudson, J.A., 1981. Wave speeds and attenuation of elastic
waves in material containing cracks. Geophysical 
Journal Royal Astronomical Society, Vol. 64, p. 133- 
150.
Ide, J.M., 1936. The elastic properties of rocks: A
correlation of Theory and Experiment Proceedings of the 
National Academy of Science, Vol. 22, p. 482-496.
Jaeger, J.C. and Cook N.G.W., 1971. Fundamentals of Rock
Mechanics. John Wiley and Sons, New York.
Katsube, N., 1985. The Constitutive Theory of Fluid-Filled
Porous Materials. Journal of Applied Mechanics, Vol. 
52., December, p. 983.
Keller, G.V., 1981. Elastic, mechanical, and electrical
properties of low-porosity rocks. The Log Analyst, 
November-December, p. 13-21.
King, M.S., 1966. Wave velocities in rocks as a function of 
changes in overburden pressure and pore fluid 
saturants. Geophysics, Vol., 31, No. 1, February, p. 
50-73.
T-4025 128
King, M.S., 1969. Static and dynamic elastic moduli of
rocks under pressure. Proceedings of the 11th
Symposium on Rock Mechanics, University of California 
at Berkely, June 16-19.
Kolsky, H., 1963. Stress waves in solids. Dover
Publications, Inc., New York, NY.
Kowallis, B.J., Jones, L.E.A. and Wang, H.F., 1984.
Velocity-porosity clay content systematics of poorly 
consolidated sandstones. Journal of Geophysical
Research, Vol. 89, No. B12, November 10, p. 10355- 
10364.
Krug, J.A., 1977. The effects of stress on the
petrophysical properties of some sandstones. Ph.D. 
Dissertation (T-1964), Colorado School of Mines, 
Golden, Co.
Kumar, J., 1976. The Effect of Poisson's ratio on rock
properties. SPE 6094.
Kuster, G.T., and Toksoz, M.N., 1974. Velocity and
attenuation of seismic waves in two-phase media: Part
1. Theoretical Formulations. Geophysics Vol. 39, p. 
587-606.
Lin, W. and Hauze, F.E., 1986. In-situ dynamic moduli of
Mesaverde rocks, compared to static and dynamic 
laboratory moduli. Presented at the 27th U.S.
Symposium on Rock Mechanics at the Universtiy of 
Alabama, Tuscaloosa, Alabama, June 23-25. Published by 
Society of Mining Engineers, Inc., Littleton, Co.
Love, A.E.H., 1944. A treatise on the mathematical theory of 
elasticity. Dover Publications, Inc., New York, NY.
Mann, R.L. and Fatt, I. 1960. Effect of pore fluids on the 
elastic properties of sandstone. Geophysics, Vol. 25, 
No. 2. April, p. 433-444.
Marek, B.F., 1973. Predicting pore compressibility of
reservor rock. SPE 3354.
T-4025 129
Mattax, C.C. and Clotheir, A.T., 1974. Core analysis of
unconsolidated and friable sands. SPE 4986.
Maxwell, J.C., 1960. Experiments on compaction and
cementation of sand. The Geologic Society of
America,Memoir 79, March, p. 105-132.
Means, W.D., 1976. Stress and Strain. Basic Concepts of
Continuum Mechanics for Geologists. New York, NY, 
Springer-Verlag.
Minear, J.W. 1982. Clay models and acoustic velocities.
SPE 11031.
Montmayeur, H., 1985. Prediction of static
elastic/mechanical properties of consolidated and
unconsolidated sands from acoustic measurements. Ph.D. 
Dissertation (T-3099), Colorado School of Mines,
Golden, CO.
Monmayeur, H. and Graves, R.M., 1985. Prediction of static
elastic/mechanical properties of consolidated and
unconsolidated sands from acoustic measurements: Basic
measurements. SPE 14159.
Montmayeur, H. and Graves, R.M., 1986. Prediction of static
elastic/mechanical properties of consolidated and
unconsolidated sands from acoustic measurements:
Correlations. SPE 15644.
Myung, J.I. and Helander D.P., 1972. Correlation of elastic 
moduli dynamically measured by in-situ and laboratory 
techniques. SPWLA Thirteenth Annual Logging Symposium, 
May 7-10.
Newman, G.H., 1973. Pore volume compressibility of
consolidated, friable, and unconsolidated reservoir
rocks under hydrostatic loading. JPT, February, p. 
129-134 .
Newman, G.H. and Martin, J.C. 1977. Equipment and
experimental methods for obtaining laboratory
compression characteristics of reservoir rocks under 
various stress and pressure conditions. SPE 6855.
T-4025 130
Nye, J.F., 1964. Physical Properties of Crystals. Oxford,
London.
Nishizawa, O. and Kinichiro, K., 1985. Localization of
Dilatancy in Ohsima Granite Under Constant Uniaxial 
Stress. Journal Of Geophysical Research, Vol. 90, No. 
88, July.
Nur, A., 1971. Effects of Stress on Velocity Anisotropy in
Rocks with Cracks. Journal of Geophysical Research, 
Vol. 76, No. 8, p. 2022-2034.
Nur, A. and Byerlee, J.D. 1971. An exact effective stress 
law for elastic deformation of rock with fluids. 
Journal of Geophysical Research, Vol. 26, September 10, 
p. 6414-6419.
Nur, A. and Simmons, G., 1969. Stress-Induced Velocity
Anisotropy in Rock: An Experimental Study. Journal of
Geophysical Research, Vol. 74, No. 27, p. 6667-6674.
Pickett, G.R., Towle, G.H., and Kwon, B.S., 1973. The
determination from well logs of in-situ rock stresses. 
Final report for U.S.G.S. contract no. 14-08-0001- 
12285, Colorado Schoold of Mines.
Pilbeam, C.C. and Vaisnys, J.R., 1973. Acoustic velocities
and energy losses in granular aggregates. Journal of 
Geophysical Research, Vol. 78, No. 5, February 10, p. 
810-823.
Plona, T.J. and Johnson, D.L., 1980. Experimental study of
the two bulk compressional modes in water-saturated 
porous structures. IEEE Ultrasonic Symposium.
Rai, C.S., and Hanson, K.E., 1988. Shear-wave velocity
anisotropy in sedimentary rocks: A laboratory Study.
Geophsysics, Vol. 53, p. 800-806.
Robin, P.F., 1973. Note on effective pressure. Journal of
Geophysical Research, Vol. 78, No. 14, May, p. 2434- 
2437 .
T-4025 131
Scott, T.E. Jr., 1989. The Effects of Porosity on the 
Mechanics of Faulting in Sandstones. Ph.D. Thesis, 
University of Texas at Dallas.
Sethi, D.H., 1981. Well log applications in rock mechanics. 
SPE/DOE 9833.
Shirly, D.J. and Hampton, L.D., 1978. Shear wave
measurements in laboratory sediments. Journal of the 
Acoustical Society of America, Vol. 63, February.
Skempton, A.W., 1961. Effective stress in soils, concrete
and rock, in Conference on Pore Pressure and Suction in 
Soils, p4-16, Butterworth, London.
Simmons, G. and Brace, W.F., 1965. Comparison of static and 
dynamic measurements of compressibility of rocks. 
Journal of Geophysical Research, Vol. 70, No. 22, 
November 15, p. 5649-5657.
Sobolev, G., Spetzler, H., and Salov, B., 1978. Precursors
to Failure in Rocks While Undergoing Anelastic 
Deformations. Journal of Geophysical Research, Vol. 
83, No. 84, April, p. 1775-1784.
Stein, N., 1976. Mechanical properties of friable sands
from conventional log data. JPT, July, p. 757.
Suklje, L., 1969. Rheological Aspects of Soil Mechanics, p.
123, Interscience, New York.
Swanson, B.F. and Thomas, E.C., 1980. The measurements of
petrophysical properties of unconsolidated sand cores. 
The Log Analyst, September-October 1980, p. 22-31.
Terzaghi, K., V., 1923. Die Berechnung der
Durchlassigkeitsziffer des Tones aus dem Verlauf der 
hydrodynamischen Spannungsersheinungen, Sizunsber. 
Akad. Wiss. Wien, 132, 125.
Terzaghi, K., 1943. Theoretical Soil Mechanics, New York,
NY, John Wiley and Sons, Inc.
T-4025 132
Terzaghi, K. and Peck, R.B., 1948. Soil Mechanics in
Engineering Practice. New York, NY, John Wiley and 
Sons, Inc.
Thurston, C.W., and H. Deresiewicz, 1956. Analysis of a 
compression test of a model of a granular medium. J. 
Appl. Mech., Vol., 26, p. 251.
Tocher, D., 1957. Anisotropy in Rocks under Simple
Compression. Transactions, Am. Geoph. Union, Vol. 38, 
No. 1, February, p. 89-94.
Todd. T/ and Simmons, G., 1972. Effect of pore pressure on
the velocity of compressional waves in low porosity 
rocks. Journal of Geophysical Research, Vol. 77, No. 
20, p. 3731-3743.
Toksoz, M.N., Cheng, C.H., and Timu, A., 1976. Velocities
of seismic waves in porous rocks. Geophysics, Vol. 41, 
No. 7, August, p. 621-645.
Tosoya, C. and Nur, A., 1982. Effects of diagenesis and
clays on compressional velocities in rocks. 
Geophysical Research Letters, Vol. 9, No. 1, January, 
p. 5-8.
Towle, G.F., 1978. Stress effects on acoustic velocities of 
rocks. Ph.D. Dissertation (T-1702), Colorado School of 
Mines, Golden, Co.
Towle, G.F., Mueller, T.L., and Whitman, W.W., 1989. The
Use of Laboratory and In-Situ Measurements of Acoustic 
Velocity for Seismic Modeling. CWLS Journal, Vol. 17, 
December, p. 5-23.
Volarovich, M.P., Petkevich, G.I., Bayuk, E.I., and Gurov, 
B.I., 1966. Investigation of longitudinal wave
velocities in sedimentary rock filled with liquids at 
high confining pressures. Tr. Akad. Nauk. SSSR, Inst. 
Fiz. Zemli, v. 204, p. 140-148.
Walsh, J.B., 1965. The effect of cracks on the
compressibility of rock. J. Geophys. Res., Vol. 70, p. 
381.
T-4025 133
White, J.E., 1965. Seismic waves: radiation, transmission,
and attenuation. McGraw-Hill Book Company, New York, 
NY.
White,J.E. and Sengbush, R.L., 1955. Velocity measurements
in near-surface formations. Geophysics, Vol. 18, p. 
54-69.
Wilhelmi, B. and Somerton, W.H., 1967. Simultaneous
measurement of pore and elastic properties of rocks 
under triaxial stress conditions. SPE 1706.
Wyllie, M.R.J., Gregory, A.R., and Gardner, G.H.F., 1956.
Elastic wave velocities in heterogenous and porous 
media. Geophysics, Vol. 21, No. 1, January, p. 41-70.
Wyllie, M.R.J., Gregory, A.R., and Gardner, G.H.F., 1958.
An experimental investigation of factors affecting 
elastic wave velocities in porous media. Geophysics, 
Vol, 23, July, p. 459-493.
Yale, D.P. 1985. Recent advances in rock physics.
Geophysics, Vol. 50. No. 12, December, p. 2480-2491.
Yin, H. 1992. Acoustic Velocity and Attenuation of Rocks: 
Isotropy, Intrinsic Anisotropy, and Stress Induced 
Anisotropy. Ph.D. Dissertation. Stanford University.
T-4025 134
Appendix
Porosity Measurement: Archimedes1 Method
Porosities were measured using the "Archimedes'" 
method. The following procedure was employed.
1. The sample was oven-dried under a vacuum of 26 mm of Hg 
at a temperature of 50 degrees Celcius for 24 hours.
2. The dry sample was weighed.
3. Samples were saturated with water. This was done by 
placing samples in a pressure vessel, drawing a vacuum 
of 26 mm of Hg, filling the vessel with water while 
under vacuum, then pressurizing the vessel to about 
1000 PSI. Pressure was maintained for 8 hours.
4. The weight of the saturated sample was obtained while 
resting on the bottom of a beaker filled with water, 
and again while suspended in the beaker under water.
5. From these measurements porosity and other attributes 
were computed as follows:
Total Volume = VT = WH / pf 
Pore Volume = VP = (Ws - W D) I p f  
Porosity = ( p - V P IVT 
Solid Volume = VS = V T - V P
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Grain Density = p s =WD/VT
Here, WD is the dry weight, Ws is the saturated
weight, and WH is the suspended weight, the weight which is 
added to the beaker and water when the sample is suspended 
in water.
The key to using this method is the means of computing 
the total volume from the suspended weight. This 
computation is based on Archimede's principle: "A body 
wholly or partially submerged in a fluid is buoyed up by a
force equal to the weight of the displaced fluid." Because
the buoyancy force which pushes upward on the weight also 
pushes downward on the beaker, the beaker and water will 
increase in weight by the weight of the displaced fluid. 
Knowing this weight, and the density of the displaced fluid 
leads to the simple computation for total volume.
